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SUMMARY
The t h e s is  d e sc r ib e s  a tw o-dim ensional sim ulation  model fo r  
th r e e -p h a s e  flow , o f  o il, w ater and g a s , and en ergy flow  
r e s u lt in g  from th e  in je c tio n  o f  steam  in to  a r e s e r v o ir .
The Im plicit P r e ssu r e  E xplicit S a tu ra tio n  (IMPES) method was 
u sed  to  so lv e  th e  m ultiphase flu id  flow , where th e  energy  
eq u ation  been so lv ed  im plicitly .
The u t i l i t y  o f th e  model i s  dem onstrated  fo r  both iso th erm a l 
and therm al con d ition s. The model p red ic tio n s  in d ic a te  th a t  th e  
e x p lic it  procedure o f  obtain ing phase s a tu r a t io n s  s tr o n g ly  
e f f e c t s  th e  model s ta b il i ty .
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1CHAPTER ONE 
INTRODUCTION
The id ea  o f  in je c tin g  steam  or h o t w ater, a s  a h ea t  
c a r r ie r , in  a petroleum  r e s e r v o ir  was in troduced  a s  fa r  
back a s 1931-*. However, modern in t e r e s t  in steam  in je c tio n  
did n o t begin u n til  e a r ly  1960, when th e  Shell o i l  company
had co n sid era b le  s u c c e s s  with c y c lic  in je c tio n  o f  steam  in
C aliforn ia  2.
\
1.1 Steam injection processes:
Steam in je c t io n  can be d ivided  in to  two b a sic  p r o c e s s e s 3
1. Steam flooding or steam  d rive
2. C yclic steam  stim u la tio n  or steam  soak
1.1.1 Steam flo o d in g
Steam flooding i s  an im portant p r o c e ss  to  improve
r e c o v er y  from h eavy  o i l  f ie ld s .  The o b je c tiv e  o f  th e
p r o c e ss  i s  to o  d rive th e  r e s e r v o ir  o i l  from th e  
in je c tio n  w ell tow ard surrounding producer w ells . The 
path through th e  r e s e r v o ir  from in je c t io n  to  
p roduction  w ells  can be v isu a liz e d  as fo u r  s e c t io n s  
or zon es 5.
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FIGURE 1.1 SCHEMATIC DIAGRAM OF STEAMFLOOD OPERATION
Steam zone:
The steam  zone extends from the in jec tio n  w ell to  the  
leading edge o f  condensation  zone. The tem perature i s  
reason ab le uniform through th is  zone and equal to  T s ,  
the steam  zone tem perature. The displacem ent o f  o il  
by steam  in th is  region  ca u se s  a g r e a t  reduction  in  
o il sa tu ra tio n  and a t  cer ta in  le v e l  o f  steam  in jec tio n  
, the o il  sa tu r a tio n  may reach th e "Steamflood 
res id u a l Oil S a tu ra tio n ” S o rst.s . Other e f f e c t iv e  
mechanisms which con tr ib u te  to  th e  change in o il  
sa tu ra tio n  in th is  zone are , thermal expansion o f  th e  
o il, vap orization  o f v o la t ile  th e hydrocarbon  
component and r e la t iv e  perm eability changes.
3C ondensation  zone:
This zone com p rises th e  h o t condensed  w ater which 
c r e a t e s  w ater  f lo o d  e f f e c t .  The tem p eratu re o f  th is  
reg ion  d e c r e a s e s  slow ly but co n tin u o u sly  from Ts to  
th e  low er tem p eratu re o f  h o t w ater zone.
H ot W ater zone:
The phenomena occurring in th is  zone are  analogous to  
h o t w a terflo o d in g  , in  regard  to  o i l  d isp lacem ent by 
h o t w ater fr o n t. However, g r a v ity  s e g r e g a tio n  could  
c a u se  steam  and condensed  h ot w ater to  flow  a t  th e  
top  o f  th is  zone 8. v
Eeservolr. condition zone:
This zone i s  n o t a f fe c te d  by th e  in je c te d  h e a t  and 
e s s e n t ia l ly  co n ta in s  th e  o r ig in a l f lu id  or r e s e r v o ir  
con d itio n s.
1.1.2 C yclic Steam  S tim ulation  P ro cess:
C yclic steam  stim u la tio n  i s  th e  m ost w idely u sed  o f  
th e  two p r o c e s s e s  o f  steam  in je c t io n  fo r  th e  
h e a v y -o il  r e c o v e r y , b eca u se  o f  th e  f a s t  re tu rn  with 
r e la t iv e ly  low in i t ia l  in v e s tm e n t5.
C yclic steam  stim u la tion , or 'Huff and Puff' p ro ce ss  
c o n s is t s  o f  th r e e  d is t in c t  s ta g e s ,  a s  shown in  Figure 
(1.2 ).
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Figure 1.2 CYCLE STIMULATION PROCESS
Injection phase
During th e  in je c t io n  phase , steam  i s  in je c te d  a t  as  
high a r a te  p o ss ib le  in to  th e  r e s e r v o ir  fo r  s e v e r a l  
weeks. T h erefore  th e  rock and th e  f lu id s  around th e  
in je c tio n  w ells  are  th e r e fo r e  h ea ted  s ig n if ic a n tly  
above o r ig in a l r e s e r v o ir  cond ition .
S o a k i n g  p h a s e
In th is  p h ase, c a lle d  th e  "soak" period , th e  w ell i s  
sh u t- in  fo r  about 2 weeks. During th is  p eriod , th e  
h e a t p e n e tr a te s  fu r th e r  in to  th e  r e s e r v o ir ,  
tr a n sfe r r in g  h e a t  to  th e  r e s e r v o ir  rock and f lu id s .
5.
production phase
At th is  s ta g e  th e  w ell i s  p laced  on production. The
o i l  production  r a te  i s  u su a lly  con sid erab ly  higher 
than b e fo r e  th e  in je c tio n  o f  steam , mainly due to  th e  
o i l  v i s c o s i t y  red u ction . Thermal expansion o f  th e  o il
and w ater p h ases a lso  p lay a s ig n if ic a n t  p art. Oil
production  i s  continued  u n til i t  r a te  r ea ch es  a 
minimum economic r a te .
The c y c le  ( in jec tio n , soaking , and production) i s  
re p ea te d  again a s  long a s  i t  remains p ro fita b le . Up to  
22 c y c le s  have been rep o r ted  in R eferen ce (9).
1.2 The Role of Steam Injection in Meeting the 
World Energy Demand
Steam in je c tio n  method i s  m ost b e n e f ic ia l fo r  reco v er in g  
heavy o i l  and ta r  sand. One o f th e  m ost im portant
c h a r a c te r is t ic s  o f  heavy o i l  i s  th e  dram atic red u ction  
o f v i s c o s i t y  with a only m oderate in c r e a se  in  r e s e r v o ir  
tem p era tu re1 The e f f e c t  i s  exp on en tia l, a s  r e p r e se n te d  
by th e  Beggs and Robinson c o r r e la t io n u .
H0D= 1 0 ' -  1 . 0  
where:
^ “ v i s c o s i t y  of g a s - f r e e  crude (Dead oil),  cp 
Y » Y T "11M
6y =  i o z
Z -  3 . 0 3 2 4  -  0 . 0 2 0 2 3  API  
T  “ Temperat ure ,  F super degree  
API  = Oil g r a v i t y
Figure 1.3 show s V isco s ity -T e m p er a tu r e  c u r v e s  fo r  
d if f e r e n t  ty p e s  o f  API g r a v ity , c a lc u la te d  by B eggs and 
Robinson c o r r e la t io n .


















550ISO 250 350 450
T EM PERA TU RE F
FIGURE 1.3 OIL VISCOSITY AS FUNCTION OF TEMPERATURE AND
API GRAVITY
The c la s s i f i c a t io n  o f  crude o i l  b ased  upon API g r a v ity  
i s  shown in  F igure 1.4. A ccordingly Heavy o i l  i s  d efin ed
a s  having an API g r a v ity  o f  l e s s  than 20 API-*5 Heavy 
o i l  i s  a ls o  d e fin ed  a s  having v i s c o s i t y  g r e a t e r  than 100 
cp[100 mPa.s] a t  r e s e r v o ir  condition-*5.
OIL C L A S S I F I C A T I O N
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FIGURE 1.4 OIL CLASSIFICATION
The world p o t e n t ia l  o f  h eavy  o i l  and ta r  r e s o u r c e s  i s  
v e ry  g r e a t . R ef.(12) e s t im a te d  th e  t o t a l  d is c o v e r e d  h eavy  
o i l  in  p la ce  in  th e  world t o  be 4,600x109 bbl. [ 7 3 0 x 1 0 9  
m3]. Table 1 show s th e  main knwon h e a v y -o i l  d e p o s it s  in  
th e  world. Canada, V enezuela , and th e  S o v ie t  Union each  
have o f  th e  o rd er  o f  one t r i l l io n  bbl. o f  h ea v y  o i l  and 
r e p r e s e n t  o v e r  90% o f  th e  known heavy  o i l  in  p la ce  in  
th e  world. -* *
TABLE 1.1-MAIN KNOWN 
HEAVY-OIL RESOURCES
C ountry OIP I 
(109 bh l.) I
Canada 1,860 I
I V enezuela 1 , 2 0 0  I
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9Where th e  e s tim a te  o f  remaining proved probable  
co n v en tio n a l o i l  r e s e r v e s  a s  o f  Jan. 1, 1986, according  
to  th e  Ref.(11), o f  some 700x109 bbl. [ 1 1 0 x 1 0 9  m3].
With th is  lim ited  a v a ila b ility  o f  light-medium  crude o il,  
th e r e  i s  growing r eco g n itio n  th a t  th e  prod u ction  o f  
heavy o i l  cou ld  p lay a major r o le  in extending th e  
petroleum  e ra , which th e  o i l  in d u stry  has e s ta b lish e d  
o v er  s e v e r a l  g e n e r a tio n s , w ill over  th e  n ex t cen tu ry . 
E xp lo itation  o f  H ea v y -o il could  th e r e fo r e  g u a ra n tee  th e  
supply o f  f u e l  fo r  th e  world's fu tu r e  en ergy n eed s , and 
i t  help a ls o  to  s ta b il iz e  th e  world p o l i t ic a l  and
V.
econom ical market fo r  petroleum  . Table 2  shows th e  
d istr ib u tio n  o f  th e  1985 world production  by therm al 
tech n iq u es12.
H ea v y -o il r e c o v e r y  by steam  in je c t io n  req u ires  
su b s ta n t ia l f in a n c ia l in v estm en t and long lea d  tim e, For 
p rod u ctive  developm ent. R esearch  to  in c r e a s e  r e c o v e ry  
e f f ic ie n c y  i s  n e c e s s a r y  to  d evelop  th e  f u l l  p o te n t ia l  o f  
th e  p r o c e ss . Economical num erical models to  a n a ly se  and 
to  p red ict th e  perform ance o f  steam  in je c t io n  i s  v ery  
im portant t o o l  t o  aid in  th is  p r o c e ss .
1.3 Simulation Models:
a sim ulation  model i s  co n sid ered  to  be th e  m ost 
e f f ic ie n t  method fo r  p red ictin g  th e  perform ance o f  steam
10
in je c tio n  p r o c e s s e s .
In g en era l, th e  o b je c tiv e  o f  a sim ulation  model i s  to  
p red ic t fu tu r e  perform ance o f a r e s e r v o ir  under a 
v a r ie ty  o f  co n d itio n s , so  th a t  an optimum s e t  o f  
con d ition s can  be s e le c te d  th a t  may lea d  to  m ost 
e f f ic ie n t  r e c o v e ry . More s p e c if ic a lly , a sim u lator fo r  
steam  in je c t io n  p r o c e s s  could determ ine th e  following-*5:
1. The perform ance o f  a r e s e r v o ir  under d if fe r e n t
r a t e s  o f  steam  or h o t w ater in jec tio n .
2. The e f f e c t  o f  w ell lo c a tio n , spacing and p a ttern .
3. How t o  maximise th e  economic r ec o v e r y  under
d if f e r e n t  in je c tio n  and production  s t r a t e g ie s .
4. E stim ate th e  s e n s i t iv i t y  o f  th e  p r o je c t  to  
v a r io u s  input data.
1.3.1 Methodology of Simulator Development
In th e developm ent o f  a num erical sim u lator model th e
fo llow ing s t e p s  are em ployed•* ■* 7:
11
Figure METHODOLOGY 6F SIMULATOR DEVELOPMENT
1.3.1.1 Problem sp e c if ic a t io n  and lim itation s:
A ccurate d e fin itio n  o f  th e r e se r v o ir  problem and 
lim ita tio n s , fo r  example, r e se r v o ir  geom etry, number 
o f p h a ses , mass and h ea t tr a n sfe r , and input data  
a v a ila b ility , are a n e c e ssa r y  requirem ents.
1.3.1.2 M athematical modelling
In th is  s te p , th e p h y sica l problem i s  ex p ressed  in  
term s o f  th e  appropriate mathem atical system  o f  
eq u ation s with re le v a n t boundary and in it ia l  
cond itions. The typ e o f m athem atical model depends 
on the fo llow in g  c la s s i f i c a t io n s :
12
1. Fluid C la s s if ic a t io n
a. s in g le  phase
b. b la c k -o il ty p e
c. com p osition a l model
2. Type o f  flow  in porous media:
a. Darcy ty p e
b. m odified Darcy's law to  account fo r  high 
v e lo c ity  e f f e c t s
c. fr a c tu r e d  porous media model
V.
3. Mass and h e a t  tr a n sfe r :
a. imm iscible or m iscib le flow model
b. iso th erm a l or therm al models
4. Type o f  geom etry:
a. one-d im ensional model
b. tw o-dim ensional
c. th ree-d im en sio n a l
d. com bination o f  th e  above models
5. C o-ord in ate  system :
a. c a r te s ia n  system
b. cy lin d r ica l
c. sp h er ica l
d. g e n e ra l cu rv ilin ea r
c. combination o f  th e  above sy stem s
13
6 . Other c a p a b ilit ie s
a. w ell bore model
b. s u r fa c e  p ip elin e network and equipment
The m athem atical model i s  con sid ered  in  ch ap ter  3, 
using a s e t  o f  nonlinear p a r t ia l d if f e r e n t ia l  
eq u a tio n s and ap propriate boundary and in i t ia l  
con d ition s.
1.3.1.3 Numerical model
\>
To make th e  problem more amenable to  so lu t io n  by 
d ig ita l com puter, th e  m athem atical model m ust f i r s t  
be tran sform ed  so  as to  requ ired  only ar ith m etic  
o p era tio n s  o f  addition , su b tra c tio n , m u ltip lica tion , 
and d iv is io n  in  i t s  so lu tio n . In ch ap ter  4 th is  
approach i s  d isc u s se d , where th e  p a r t ia l d if fe r e n ­
t ia l  eq u a tio n s  are  transform ed  to  num erical model 
using a f in i t e  d iffe r e n c e  r ep r e se n ta t io n . The 
e f f e c t iv e n e s s  o f  th e  num erical method i s  g r e a t ly  
enhanced by ap p rop riate ch o ice  of:
1. Space d is c r e t is t io n  (5 p o in t or 9 point)
2. The s o lu t io n  method fo r  m ultiphase flow
,IMPES(ImpIicit P r e ssu r e  E xplicit S a tu ra tio n ), SEQ 
(SEQuential) or SS(Sim ultaneous Solution).
3. Time approximation.
4. D irec t or i t e r a t iv e  m ethods.
5. Well r e p r e se n ta t io n  in th e  model.
6 . Run-time c o n tr o ls .
1.3.1.4 Computer Model
Here, em phasis i s  p laced  on th e  m echanics o f  
e x p ress in g  th e  num erical model in to  a computer 
programme or a s e t  o f  programmes. Chapter 5 
d e sc r ib e s  th is  developm ent.
1.3.1.5 Verification and validation
The r e s u lt in g  com puter model i s  t e s t e d  t o  determ ine  
i f  th e  model ad eq u ate ly  s im u la tes  th e  r e s e r v o ir  
problem. The model r e s u lt s  are  d isc u s se d  in  ch ap ter  
6 .
1.3.1.6 Interpretation and utilization of simulator
A fter  s u c c e s s fu l  v a lid a tio n , th e  sim u lator can be 
u tiliz e d  to  stu d y  th e  e f f e c t  o f  d if f e r e n t  input 
p aram eters in  th e  or ig in a l problem.
15
The follow ing ch a p ters  d escr ib e  th e  developm ent o f  
th e  num erical sim ulation  tech n iq u es t o  s o lv e  th e  
f lu id  flow  and energy eq u ation s d escr ib in g  th e  
steam  in je c t io n  p r o c e s s  in o il  r e s e r v o ir s .
16
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REVIEW OF PREVIOUS WORK
.1  I n t r o d u c t i o n
Steam in jec tio n  is  commonly divided in to  two p ro cess  
ty p es  steam flooding and steam  soak. Figure 2.1 shows 
th a t  when steam i s  in jec ted  in to  th e r e se r v o ir  an 
expanding "steam zone" i s  formed. The h ot con d en sate  
leav in g  the steam zone and th e  cold w ater c r e a te  a 
"water zone" ahead o f  th e  steam  zone. The l a s t  flowing  
zone i s  the "oil zone". As steam  i s  in je c te d , he^t i s  
tr a n sferred  to  the surrounding r e se r v o ir  form ation and 
flu id s  by th e two p r o c e s se s  o f conduction and 
convection .
EAM
O VE RBU RD EN
W A T E R  ZONE
UNDERB URD EN
FIGURE 2.1 CROSS-SECTION OF STEAM INJECTION PROCESS
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The l i t e r a t u r e  in c lu d es a v a s t  amount o f  th e o r e t ic a l  
work co v er in g  v a r io u s  a s p e c ts  o f  o il  r ec o v er y  by steam . 
The modeling e f f o r t s  d if f e r  in  th e  le v e l  o f  com plexity, 
from simple a n a ly tic a l models to  num erical th ree-d im en ­
s io n a l com p osition a l model. The u ltim ate g o a l o f  a ll  
th e s e  models i s  th e  developm ent o f  econom ical and a 
r e lia b le  eng in eerin g  a n a ly s is  t o o ls  to  e s t im a te  o i l  
re co v e ry  fo r  a g iven  mode o f  o p era tio n  and to  
in v e s t ig a te  a lte r n a t iv e  o p era tin g  con d ition s t o  max­
im ise o il  r e co v er y . The fo llow ing s e le c te d  models are  
u s e fu l  way o f  tra c in g  fo r  r ep r ese n tin g  th e  developm ent 




This model-* i s  one o f  th e  in i t ia l  a ttem p t to  a n a ly se  
en ergy  b eh avior during h o t w ater in je c tio n . The 
model was b ased  on th e  fo llow ing assum ptions:
# Linear in com p ressib le  flow  in hom ogeneous 
sand.
« C on stan t flu id  p r o p e r t ie s  and sa tu r a t io n s .
•  In f in ite  therm al co n d u ctiv ity  in  th e  overburden
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and underburden la y e r s .
• Zero h o r izo n ta l therm al co n d u ctiv ity  in
r e s e r v o ir  form ation , overburden and underbur­
den la y e r s .
• C on stan t in je c t io n  tem p eratu re.
Under th e  above assum ptions Lauwerier ob ta in  th e  
fo llow ing so lu tion :
T - r , * ( T f - T„) ar / c —4 = =  if  t B > LD ( 2 . 1a )
2 J t D- L D
E lse
T - T r ( 2 . 1 6 ) '
Where:
T  -  t e mp er a tu r e  a t  a n y  l inear d i s t a n ce  L, 
or radial  r, from the  injection w e l l , 0/7
T  R-  original  reservoir  t e m p e r a t u r e , 0/7 
T f = injection f luid t e m p e r a t u r e . 0/7 
t D -  d imen s i on l e ss  t i m e ,  ca lculated as  f o l l o ws
4 & flab M 0b t
Ai i h f
/ .^“ d im en s i on l e ss  d i s t an ce  is  g i ve n  by
4 ( 2 4 ) / f  ftpfaA/ ob A 
5 .6 1 5  A/ Bp FC f Q f h , t
( 2 . 1 c )
( 2 . I d )
e r / c  “ c o mp l e m e n t a r y  error f u nc t io n ,  
can be obtained from t ab l e s .
” thermal conductivity of the overburden, B t u / h r  -  f t  -  °F
V 22
A / ^ - t h e  h e a t  c a p a c i t y  of t h e  o v e r b u r d e n , Btu./
A/e = the heat  capac ity  of the heated sand,  B t u / f t 3- ° F .
gros s  t h i c k n e s s  of the heated s a n d , / t .
A «■ cross  sect ion area of the  s a n d t f t 2 
Cf -  s p e c i f i c  h e a t  of th e  inject ion f l u i d , B t u / l b - ° F .
p F = the  d e n s i t y  of the  injection f l u i d ,  l b / f t 2 , 
g ^ - h o t  f lu id  injection r a t  B b l / d a y
2.2.1.2 Marx and Langenheim Model
The works o f  Marx and Langenheim2 were among th e  
in i t ia l  a ttem p ts  to  sim u late steam  in je c t io n  p r o c e s s  
a n a ly tic a lly . This model was f i r s t  in trod u ced  in  
1959. Their model i s  based  upon th e  fo llow ing  
assum ptions:
No g r a v ity  e f f e c t  
Homogeneous r e s e r v o ir  
C onstant in je c t io n  r a te  
No p r e s su r e  drop in  steam  zone 
No h o t w ater flow  ahead o f  co n d en sa tio n  fr o n t
Under th e  a bove assum ptions, Marx and Langenheim 
develop ed  th e  fo llow in g  equation:
Q i M eh f f !




A ( t )  = c u m u l a t i v e  heated  area a t  t i me  t ,  f t 2
Q i -  Heat inject ion rate ,  Btu /  D
/ I  -  funct ion of d imens iomnless  t ime tD.
This  term is presented as  a table in their work:
2.2.2 Semianalytical
2.2.2.1 Rhee and Todd v
This model 5 c a lc u la te s  o i l  r ec o v e ry  by S team flood -  
ing with th e  co n s id er a tio n  fo r  steam  d is t i l la t io n  
and g r a v ity  o v er la y  e f f e c t s  . F ir s t  th e  eq u ation s  
fo r  th e  h e a t  balance and th e  co n fig u ra tio n  o f  
steam /liq u id  in t e r f a c e 4 are so lv ed  s im u ltan eou sly  
to  p red ic t th e  volume o f  th e  o v e r a ll  h ea ted  zone 
and th e  volume and shape o f  th e  steam  zone, 
second, th e  approxim ate enthalpy and m ateria l 
b a lan ces a re  combined with th e  thermodynamics o f  
d if fe r e n t ia l  v a p o r iza tio n  to  d er iv e  a fu lly  
com p osition al method fo r  ca lcu la tin g  th e  volume and 
com position  o f  s te a m d is t ille d  hydrocarbons, f in a lly ,  
th e  r e s u lt s  o f  th e  fo reg o in g  are combined with a
(2.26)
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f lu id  flow  model, sim ilar to  Higgins and L eigh yon 's5 
c e l l  model fo r  w a ter flo o d  a n a ly s is  to  c a lc u la te  o il  
reco v ery .
2.2.3 Numerical
2.2.3.1 Spillette and Nielson
S p ille te  and N ie lso n 6 so lv e d  th e  fo llow ing system  
o f  p a r t ia l  d i f f e r e n t ia l  eq u a tio n s  s im u ltan eou sly ,
through th e  u se  o f  " lea p -fro g *1 ap p lica tion  o f  
standard  A ltern atin g  D irectio n  Im plicit methods fo r  
th e  so lu t io n  I f  th e  m ass-b a lan ce  eq u ation  and th e  
method o f  c h a r a c t e r is t ic s  fo r  th e  so lu t io n  o f  th e  








V ^ M V T - V ( p 0C 0K 0 - p „ C „ K „ ) r  + qtA =
o + P w) + ( ^ — ^)P/^/) (2.3c)
The main assum ptions a re  th a t  no g a s  phase i s  
p r e se n t  and th e  in je c te d  f lu id  reach ed  therm al 




Shuter in trod u ced  two s im u la tors fo r  steam flood  
p r o c e s s . The f i r s t  s im u lator was th r e e -p h a se  lin ea r  
sim u lator where th e  secon d  one was th r e e -p h a s e ,  
tw o-d im en sion a l5. Both sim u lators had few er  
assum ptions than any m odels p r ev io u sly  w ritten . His 
so lu t io n  c o n s is te d  o f  two s te p s ,  f i r s t ,  he so lv ed  
f lu id  flow  eq u a tio n s sim u ltan eou sly  by Newton 
i t e r a t io n  method th en  en erg y -b a la n ce  was so lv ed  by 
a lte r n a tin g  d ir e c tio n  im p lic it procedure.
2.2.3.3 Coats K. H., George H. D. and Marcum B. E., and 
Coats
C oats and e t  a l 5. d escr ib ed  a th ree-d im en sio n a l 
th r e e -p h a se  model fo r  num erical sim ulation  o f  steam
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in je c tio n  p r o c e ss . The main fu tu r e  o f  th is  model 
was th e  sim ultaneous so lu t io n  o f  th e  mass and 
en ergy-b a lan ce  and th e  elim ination  o f  th e  
con d en sation  term.
C o a ts 1 0  extended  th ree-d im en sio n a l sim u lator to  
account fo r  steam  d is t i l la t io n ,  so lu t io n  g a s , and 
tem perature dependent r e la t iv e  perm eab ility . This 
model may co n sid ered  a s a s te p  toward a fu lly  
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M odel used fo r :
H W D: hot water drive 
S S : steam stimulation 
SD : steam drive
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CEIAPTEK THE<EK 
FORMDLATION OF THE DIFFERENTIAL
EQUATIONS
3.1 Introduction
B efo re  th e  r e s e r v o ir  can be m odelled, i t  must be 
e x p re ssed  in  term  o f appropriate  m athem atical equation . 
To d evelop  th e  m athem atical eq u ation  th e  fo llow ing  
p o in ts  should be considered:
1. Governing eq u ation s.
2. Boundary condition .
3. I n it ia l  condition .
3.2 Governing equations
The govern ing P a r tia l D if fe r e n t ia l  E quations (PDE) o f  
flu id  flow and h ea t t r a n s fe r  through a porous  
medium are form ulated  by combining o f  th e  follow ing  
eq u a tio n s 3 :
> eq u ation  o f  c o n se r v a tio n
> Darcy's eq u ation
> F ou rier's eq u ation
> an eq u ation  o f  s t a t e
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3.2.1 C onservation  o f  Mass :
L et us divid th e  r e s e r v o ir  in to  rec ta n g u la r  so lid  
e lem en ts  con ta in in g  o il ,  w ater  and g a s  p h a se s . This 
co n fig u ra tio n  i s  shown in  F igure 3.1. The m ass flu x  
changes w ithin one o f  th e  rec ta n g u la r  so lid  e lem en ts  
(c o n tro l volume) o v er  tim e in t e r v a l  At  can be w r itte n  
a s 4 , 5 , 6  ;
( m ass in  ) -  ( m ass o u t ) + ( m ass s o u r c e  or  
sink ) = ( m ass accum ulation  )








FIGURE 3.2 : VOLUME ELEMENT FOR THE FLUID FLOW EQUATION
Nib
Where:
FI = Mass in to  th e  volume elem ent, x -d ir e c t io n  per  
u n it time.
F2= Mass o u t th e  volume elem ent, x -d ir e c t io n  per
u n it tim e .
F3 = Mass in to  th e  volume elem ent, y -d ir e c t io n  per
u n it time.
F4 = Mass o u t th e  volume elem ent, y -d ir e c t io n  per
u n it tim e .
S -S  = so u r ce  and sink term  per u n it time.
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X -d irection  i
l e t  us f i r s t  apply th e  mass balance eq u ation  to  th e  
x -d ire c tio n . R eferring to  Figure 3.2 we can w rite  th e  
d iffer en ce  betw een  th e  mass inflow  and outflow  a c r o ss  
c o n tr o l volume ov er  At  as:
(F xAy  A z A t ) x - [ F  2Ay  A z A t ) x. Ax
By ex p ress  m ass in term s o f  d e n s ity  and v e lo c ity  we 
obtain  th e  fo llow ing equation:
( p v A y  A z A t ) x -  ( p v A y  A z A t ) x. ax ( 3 . 1 a )
Y -d irectio n  :
In a sim ilar fa sh io n  to  th e  x -d ir e c tio n  we s e e  from 
Figure 3.2 th a t  th e  d iffe r e n c e  betw een  th e  mass 
inflow  and ou tflow  in  y -d ir e c t io n  ov er  At  i s
(F3A x A z A t ) y - ( F  4A x A z A t ) y. j y
By rep lacing m ass by d e n s ity  and v e lo c ity  we g et:
34
( p v A x A z A t ) y -  ( p v A x A z A t ) y. ay ( 3 . 1 b )
Source and sink I
Source and sink (S-S) term o v er  At  i s
q f A x A y  A z ( 3 . 1 c )
Mass
This term  r e p r e s e n ts  th e  n e t  accum ulation or  
d ep le tio n  o f  f lu id  e f f e c t  o v er  At :
Where:
p = d e n s i t y , f t 3/ l b  
v =  v e l o c i t y ,  f t / s e c  
q  -  product ion or inject ion,  b b i / d a y  
0 = p o ro s i t y ,  f r c . 
s -  s a t u r a t i o n , f r c . .
Dividing a l l  o f  th e  term s by A x A y A z A t  we ob ta in  th e  
fo llow ing equation:
( ( <l>sp)t - ( <l >sp) t. at) A x A y A z ( 3 . I d )
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*Ax (piOy - ( p  V ) y**y , ( 0 s p ) t - ( 0 s p ) t*„t
-------------------------------- h ----------------------------------- 1- q  = s------------------—--------------- Q o . z )Ax Ay At
AS th e  lim it o f  x, y, and t  -*o we obtain  th e  P a r tia l  
D iffe r e n t ia l Equation (P.D.E) fo r  s in g le  p h ase flow  in  
th e  x and y d irec tio n s:
£ ; { p v , )  +  ^ ( P u y ) +  <7 =  i ( * s p ) (3.3)
3.2.2 Darcy's Equation:
D arcy's law 7» 9 s t a t e s  th a t  th e  v e lo c ity  o f  a f lu id  in
a porous medium i s  p ro p o rtio n a l to  th e  p r e s su r e  and 
in v e r se ly  p rop ortion a l t o  f lu id  v is c o s i t y .  The 
e x p ress io n s  fo r  th e  x and y v e lo c ity  com ponents fo r  a 








k x * p ermeabi l i t y  in x - d i r ec t i on  
k y « p e r me abi l i t y  in y -d i r e c t i o n  
\jl -  v i s c o s i t y ,  cp
Multiphase Flow Equations:
D arcy's Equation (3.4) i s  m odified to  a cco u n t fo r  
m ultiphase flow  by in trod u cin g  th e  r e la t iv e  p erm eabili­
ty ,  so  th e  m ultiphase v e lo c ity  can be e x p r e sse d  in  
x or y d ir e c t io n s  a s  :
k xk r/d<t> .




Vy ss- - L7IL—  ( 3 . 5  b)
Where:
k r/ -  Re la t i ve  per me ab i l i t y  of f luid ( f )  
v i s c o s i t y  of f luid ( f ) ,  cp
S u b stitu tio n  o f  th e  r e s p e c t iv e  v e lo c ity  term s in to  
Equation ( 3.3 ) g iv e s  th e  P.D.E fo r  m ultiphase flow  in  
th e  x and y d irec tio n s:
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b_f k xk rfp rb4>\ t b f  k yk rfp f b<P 
b x \  p. i b x )  b y \  p f by j  + q ' ~ T t  ^ s , p ' )  ( 3 , 6 )
Where:
0 = potent ial  t er m,  def ined as:
P , ~ y , D  ( 3 . 7 )
P f -  f luid pressure ,  psi  
y , - f l u i d  spec i f i c  w e i g h t ,  p s i / f t  
D = Reservoir  dept h ,  f t
Oil phase:
Equation ( 3.6 ) can be w r itte n  fo r  th e  o i l  phase as:
± ( +  ^ k n f , .? t * ) + q  -  — U S ' P , )  ( 3 . 8 a )
fi„ d x )  dyV He d y )  d t KV ' p °> v
Water phase;
Sim ilarly, th e  eq u ation  fo r  th e  w ater p h ase is:
d_( ± _ (  k y k n . P . 6 *
d x l )x„ dx 1 d y \  dy
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G^ S Phase:
D ifferen t situ & ation  e x is t s  fo r  th e  g a s  p h ase, s in ce  
th e  ga s  can flow  fr e e ly ,  e.g. a s  steam  or g a s  in  
s a tu r a te d  R eserv o ir , On th e  o th er  hand, g a s  may 
d is s o lv e  in  th e  o i l  or w ater in  th e  c a s e  o f  
u n d ersa tu ra ted  r e se r v o ir . To accou n t fo r  th e s e  
s itu a t io n s , th e  follow ing P a r t ia l D if fe r e n t ia l Equation  
i s  used:
R s a, R s w -  are oil and w a ter  g a s  so lu tion  ra tios, scf/S T B
In th e  c a s e  o f  steam  in je c tio n , i f  we assum e th a t  Rs 
v a lu es  are z er o , in  which c a s e  Equation (3.8c) 
red u ces  to:




The energy P a r tia l D iffe r e n t ia l E quations can be 
d erived  in a sim ilar way to  th a t  fo r  f lu id  f l o w 1 0 *1 1 . 
The h e a t  f lu x  on a volume elem ent tak en  in s id e  th e  
porous medium, Figure 3.3, o v er  At  can be w ritten  as:
( h ea tin  by conduction ) -  ( h e a to u t  by conduction  ) +
( h ea tin  by con vection  ) -  ( h e a to u t  by co n v ectio n  ) +
( h e a t so u r ce  or sink ) = ( h e a t  accum ulation )
Convection term: ^
The co n v ectio n  term over  At  i s  c a lc u la te d  a s  follow s:
{ ( P p ^ d x ^ o  P u p  w P  gU q x H  0 ) x A y  A Z  At  "
{ p 0 V a x H 0 +  P WV WXH W + p g v g x H  ff)x^ xA y A z A t }  +
{ [ P o V a y H  o +  P w V t a y H  u, +  P ^ a y ^  a)y A x A z A t ~
( p 0 v 0 y H  0 + p ^ ^ H  w + PgVgyH g)y. ayA x A z A t )  ( 3 . 1 0 c )
Where:








FIGURE 3.3 : VOLUME ELEMENT FOP THE ENERGY FLOW
EQUATION
Where:
HK1 = H eat C onduction in to  th e
x -d ir e c t io n  per u n it tim e 
HK2 = H eat C onduction o u t th e
x -d ir e c t io n  per u n it tim e 
HK3 = H eat C onduction in to  th e
y -d ir e c t io n  per u n it tim e 
HK4 = H eat C onduction o u t th e
y -d ir e c t io n  per u n it tim e 
HC1 = H eat C on vection  in to  th e
x -d ir e c t io n  per u n it tim e 
HC2 = H eat C on vection  o u t th e
x -d ir e c t io n  per u n it tim e 
HC3 = H eat C on vection  in to  th e
y -d ir e c t io n  per u n it time 
HC4 = H eat C on vection  o u t th e
y -d ir e c t io n  per u n it tim e 
S -S  = so u r c e  and sink term  per u n it tim e
volume elem en t,
volume elem en t,
volume elem en t,
volume elem en t,
volum e elem en t,
volume elem en t,
volume elem en t,
volume elem en t,
Conduction Term:
R eferring to  Figure 3.3 we s e e  th a t  th e  d iffe r e n c e  o f  
h ea t conducted  in  and o u t o f  th e  c o n tr o l volume 
elem ent in  a l l  th r e e  d ir e c t io n s  (x, y and z )  o v er  At  
can be ex p ressed  as:
{(Qco»<^y < ^ 0 * -(< ?»* ,,  +
{ ( Q c , M ^ X A z A t ) y - ( Q MMA x A z A t ) y. Jy} +
{ ( Q c o v i A y A x A t f ^ l Q ^ / i y A x A t ) ^ ^ )  ( 3 . K ) a )
Where:
Qccnd " h e a t  f l o w ,  B t u / d a y ,  w h ic h  c a l c u l a t e d  a s  
- K hAAT (3.10b)
K h ~ thermal  conduct iv i ty ,  B t u / h r - f t - F  
T “ t emp er at ur e , 0 / 7
Source and Sink term:
The eq u ation  fo r  th e  so u r ce  and sink term is :
q MA x A y A z A t ( 3 . 1 0 d )
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Where:
g w - h e a t  generated wi th in  the  e l ement ,  B t u / d ay  
H ea t A ccum ulation Term:
Heat Accumulation i s  th e  f in ia l  term t o  be c a lc u la te d  
o v er  th e  time in te r v a l  At:
Dividing Equations (3.10) by A x  A y  A z A t  and taken  th e  
lim it a s A x A y A z A t ^ o  we have th e  en ergy P.D.E:
Ax Ay  Az{4>T(S , p , C  „  + 5  wp „C ,„  + S , p  ,C „ )  + 
(1 ~ t ) T  P r C  
A x A y A z { i f T ( S <, p , C l„ + S „ p lllC ta + S llp l C pll) + 
( . l - * ) T p RC flt)t ( 3 . 1 0  d)
Where:
Cpfm specific heat for fluid or formation (f),  Btu/ lb-F
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3.3 Initial and Boundary Conditions:
The m athem atical model d evelop ed  i s  n o t com plete  
w ithout th e  d escr ip tio n  o f  a r e s e r v o ir  in i t ia l  and 
boundary con d ition s.
n =  0
U ( x ,y ,0 )
FIGURE 3.4 INITIAL AND BOUNDARY CONDITIONS 
The in i t ia l  co n d itio n s  o f  th e  system  a re  g iven  by:
£ / ( x , y . O ) -  U Mgal
Where 0  could  be p r e s su r e , tem p eratu re, f lu id  p r o p e r t ie s
or rock p r o p e r t ie s
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A No-flow or c lo se d  boundary ty p e  s itu a t io n  i s  assumed. 
This ty p e  o f  boundary i s  simply ex p ressed  a s  :
Where :
77 = normal vector to the confining boundary
Fluid in flu x  a c r o s s  th e  r e s e r v o ir  lim its  may be rep laced  
by in je c tio n  or production  r a t e s  o f  w ells lon g  th e  edge  
o f  th e  r e s e r v o ir  domain.
The so lu t io n  o f  th e  d evelop ed  p a r t ia l d if f e r e n t ia l  
eq u a tio n s o f  flow and energy g iv e s  th e  p r e s su r e ,  
sa tu r a t io n  and tem p eratu re d is tr ib u tio n  th rou ghou t th e  
r e se r v o ir .
and 3 —  = 0  
dT)
( 3 . 1 2 )
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The eq u ation s which d e scr ib e  th e  flow  o f  f lu id s  and 
energy in  p orou s media were d erived  in  ch ap ter  3. 
These eq u a tio n s a re  non linear p a r t ia l d if f e r e n t ia l  
eq u ation s, which are  to o  com plicated  to  by amenable to  
a n a ly tica l so lu tio n .
In g en era l, num erical method i s  only way to  s o lv e  th is  
typ e  o f  eq u a tio n s . A number o f  num erical tech n iq u es are  
adequate to  s o lv e  non linear p a r t ia l  d if f e r e n t ia l  
q u ation s. The m ost widely u sed  in  r e s e r v o ir  modeling i s  
th e  F in ite  D ifferen ce  Method (FDM).
The aim o f  f in i t e  o f  d iffe r e n c e  method i s  to  transform  a 
given  continuum problem in to  a d is c r e te  m athem atical 
model. B ecau se th e  FDM r eq u ire s  only arith m etic  
op eration  o f  add ition , su b tr a c t io n , m u ltip lica tion , and 
d iv isio n  th a t  makes i t  s u ita b le  fo r  so lu t io n  on d ig ita l  
computer.
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4.2 Basic Equations And Assumptions
B efore th e  tra n sfo rm a tio n  o f  th e  p a r t ia l d if f e r e n t ia l  
eq u a tio n s to  FDM, i t  i s  n e c e s sa r y  to  in tro d u ce  th e  
fo llow ing eq u a tio n s and assum ptions :
4.2.1 Basic Equations
th e  s a tu r a t io n  eq u ation
5,0 + 5 Mt+ 5 ff = 1 ( 4 . 1 )
and th e  ca p illa ry  p r e s su r e  eq u ation s
p  -  p -  p1 cwo 1 a 1 to ( 4 . 2  a )
p  = p + p  1 ego 1 o 1 g ( 4 . 2 b)
Where:
Pcwo ca p illa ry  p r e s su r e  o f  w a te r -o i l  sy stem ,
p s ia
Pcgo= c a p illa ry  p r e s su r e  o f  g a s - o i l  sy stem ,
p sia
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One or two dim ensional model C artesian  
c o -o r d in a te s )
T h ree -p h a ses  ( o i l  , w ater and ga s  )
C apillary p r e s su r e  and g r a v ity  are
con sid ered .
IMPES method i s  u sed  to  s o lv e  f lu id  
flow  eq u ation
V.
S o lu tion  o f  th e  energy eq u ation  assum es  
th a t  th e r e  i s  no so lu t io n  o f  g a s  in  th e  
o il  and w ater p h a ses . This r e s tr ic t io n  
d o es n o t apply to  iso th erm a l option .
Fluid p r o p e r t ie s  are  fu n c tio n  o f
p r e s su r e  and tem p eratu re.
F iv e -p o in t sp a ce  d is c r e t is a t io n  i s
co n sid ered  in  f in i t e  d iffe r e n c e  so lu t io n ,  
Figure 4.1.
N o-flow  boundary.
9. C entre block grid  co n fig u ra tio n  i s  used.
10. Uniform or nonuniform grid  spacing  i s  
p erm itted .
FIGURE 4.1: DIFFERENCE MODEL GRID SYSTEM
. 3  F i n i t e  D i f f e r e n c e  A p p r o x i m a t i o n
To tran sform  th e  seco n d  ord er  d e r iv a t iv e s  in  th e  flow  
and en ergy  e q u a tio n s  in to  f in i t e  d if fe r e n c e  form, th e  
c e n tr a l-d if f e r e n c e  approxim ation i s  used.-L-?
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For exam ple,the p r e ssu r e  d e r v ia t iv e  in th e  P.D.E fo r  
th e  o il  p h ase i s  ex p ressed  in  F.D.E form a s  fo llo w s  3, 4 , 5
The d iffe r e n c e  o p er a tio n s  a can be expanded fu r th e r  to:
~P OJA/  [ p  oW “  P  o u )  o i f S  [ p  aE ~~ P  o v )  +
T ' u* y , { Z U-  Z +  T*u l y , { Z c -  Z u ) * ‘ '  ( 4 v 3 6 )
Where th e  f in i t e - d if f e r e n c e  tr a n sm iss ib ility  T ,fo r
example, fo r  o i l  a t  th e  grid  boundary MW i s  g iv en  by
T = QC F | o F 2o ( 4 . 4 a )
Where :
GCmw = th e  G eom etric C onstant and i t  i s
c a lc u la te d  as:
'2.A.y/L\fK.uK.\/
* ( 4 . 4 b )
F ; o  =  - ± -  ( 4 . 4 c )
(L0& Q
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F \ o - K  ro ( 4 . 4  d )
+ i nd i c a t e s  up s t ream value .
Where:
A= c r o s s - s e c t io n a l  a rea  o f  a grid , f t 2.
K= A b slou te  p erm eab ility , darcy.
X- d is ta n c e , f t .
The fo llow in g  " upstream" con cep tion  i s  u sed  to
e v a lu a te  F l o  and F 2 0  fo r  flow  betw een M and W a s
follow s:
i f  
. F \ o  = / ( / > . *)
F \ ° - f { S ' „ )  ( 4 . 4 a )
if then
F \ o ~ r [ p „ )
F l o - f [ S , v ) ( 4 . 4 / )
A sim ilar p rocedure i s  employed fo r  a l l  o th e r  p h a ses  
and grid s.
The f i r s t  order time d e r iv a t iv e s  are approxim ated by 
th e  backward d iffe r e n c e , f o r  example, th e  time 
d e r iv a t iv e  o f  f lu id  flow  eq u ation  i s  w ritten  as:
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a $ S Q _ 1 
at B 0 At
( 4 . 5 a )
Where :
( 4 . 5 5 )
By applying t h e s e  approxim ations to  a l l  p h a ses  and 
d ir e c t io n  we can g en e r a te  a com plete f in i t e  d iffe re n c e  
proced u re which d e sc r ib e s  th e  flow  o f  f lu id  and h e a t in  
th e  r e s e r v o ir  .
4.4 Solution of Fluid flow Equation
In th is  s e c t io n , we d evelop  th e  f in i t e  d iffe r e n c e  scheme 
n e c e s s a r y  to  s o lv e  th e  f lu id  flow eq u a tio n s , f i r s t  by 
transform ing th e  f lu id  flow  p a r t ia l  d if f e r e n t ia l  
E quations (3.8) in to  th e  fo llow ing F.D.E:
A- o i l  phase:
( 4 . 6 a )
Bn Water Phase:
( 4 . 6 5 )
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£n Gas Phase: 
A T  „{ AP , - y  „AZ)  + A T  , R n { AP , - y  , A Z )  + 
A T " R ^ A P „ -  y aA Z )  + [ q ,  + g 0R s o  + g wR s w )  =
v b  . f  <j>$a <j>S0R m
At  \  B g + B 0 + B w )
( 4 . 6 c)
Secondly th e  IMPES, im p licit p r e s su r e  e x p lic it  s a tu r a ­
t io n , method w ill be u sed  to  s o lv e  th e  f lu id  flow  
eq u ation , f i r s t  fo r  th e  p r e s su r e  and th en  th e  
sa tu r a t io n  d is tr ib u tio n s  .
4.4.1 IMFKS Method
In g en era l, r e s e r v o ir  s im u lators u se  one o f  th e  th r e e  
so lu t io n  methods: Im plicit P r e ssu r e  E xp licit S a tu r a tio n  
(IMPES), Sim ultaneous S o lu tion  (SS), or SEQ uenstial 
method (SEQ).
The ch o ice  o f  th e  m ost e f f ic ie n t  method depends o f  
th e  computer a v a ila b ility  of:
A- com puter work.
B- com puter s to r a g e .
An Computer Work
The t o t a l  com puter work i f  a method i s  g iv en  by*>6:
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W T = W « T T  «
Where:
Wt = T o ta l computer Work.
TTst = T ota l number o f  Time STeps.
Wst = Computer Work by time STep.
The work o f  one time s te p , fo r  d ir e c t  elim ination  
method, i s  e s tim a ted  as fo llow s:
l/„- c b 2 n
Where:
C = A c o n s ta n t  depends on com puter ty p e  and 
programme e f f ic ie n c y .
B = A matrix Band-width.
N = Number o f sim ultaneous eq u a tio n s  or 
unknown v a r ia b le s .
For one dim ensional sim ulator th e  com puter work per  
one time s te p  i s  reduce to  :
W M- C M 3
The com puter work per time s te p  req u ired  fo r
2 -d im ensional, 3 -p h a se  f lu id  flow  problems a re  g iven  
in  ta b le  4.1 fo r  th e  th r e e  so lu t io n  m ethods.
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No. o f  un­
known 
N
Work/time s t e
P
W st
W s t / W s t ( I
MPES)
IMPES J IJ CIJ3 1
SEQ J,2J IJ,2IJ C(IJ3 +8IJ3) 9
SS 3J 3IJ 27CIJ3 27
An Computer S to ra g e
The com puter s to r a g e  req u ired  fo r  2 -d im ensional,
3 -p h a se  sim u lator i s  e s tim a ted  by:
S = N D x N x B
Where :
S = Computer S torage .
ND = Number o f  Dimension.
Table 4.2 show s th e  approxim ate s to r a g e  req u ired  fo r  
2 -d im ension  and 3 -p h a se  flow problem.
TABLE 4.2 COMPARISON OF STORAGE REQUIREMENT FOR 2-D,
3-PHASE FLOW
Method Band-width  
B
No. o f  un­
known 
N
S to ra g e
S
S/S(IMPES)
IMPES J IJ 2CIJ2 1
SEQ J,2 J IJ ,2 IJ 8CIJ2 4
SS 3J 3IJ 18CIJ2 9
The com parison o f  th e  th e m ethods, a s  fa r  a s  
computer work and s to r a g e  requ irem ents, shows th a t  
th e  demand fo r  work and s to r a g e  in c r e a s e s  
dram atically  a s  we go from IMPES to  SS m ethods.
4.4.1.1 Im plicit C a lcu la tion  o f  p r e ssu r e
The IMPES method u t i l i s e s  ca p illa ry  p r e s su r e  and 
sa tu r a t io n  eq u a tio n s to  combine th e  th r e e  
s in g le -p h a se  Equations (4.6) in to  th e  fo llow in g  
m ultiphase eq u ation  7, 8, 9 . The d er iv a tio n  o f  th e
IMPES eq u ation  i s  explained in Appendix A.
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( B ' - B ' R „ 0)n" ( A T . { / l P ' - y , A Z ) + q . )  + 
(s„-s ,ftJ“'I(zr„(z/>„-z/>e„-y.1,zz)+<7tl))+ 
B ' ; ' ( A T , { A P ,  + A P t a- y , A Z ) + / i T . R K, [ A P . - y . A Z )  +
-  y „ZZ)  + (<j, + g , R s o  + g „ R s w )  =
U f i „ r ( 5 „ r ( £ ) ' + ( ^ ) “*, ( s j “(« j - +
+ <. *y ) A, pe+
+ ( ^ )  (5 „ )“(«.„)' + 5 „ ( ^ ) j z , / > S . 0 +
+ s . « ) ' W * .  ( 4 - 7 )
Where:
- gradient of reciprocal of the formation volume factor
- t e )
dP,
(0 )  * poros i ty  g ra d i e nt
_ d4_ 
d p




A tP = P n" - P n
I f  th e  IMPES eq u ation  i s  w r itten  fo r  a l l  gr id s in  
th e  x -y  d ir e c t io n s  , u sin g  th e  standard ordering  
n o ta tio n , th e  fo llow ing form o f  lin ea r  eq u ation  i s  
obtained:
e „ n "  * a u P%" + b u P i "  + c „ P ? '  + f u p y '  = d „  ( 4 . 8 )
4.4.1.2 Explicit calculation of Saturation ^
A fter  th e  new p r e s s u r e s  are  ca lc u la te d , th e  new 
s a tu r a t io n s  are  computed e x p lic it ly  a s  fo llow s:
Oil s a tu r a t io n
A+1 AtB%*x, , . ,S V  = — 7 f - [ A T , , { A P ' - y 'A Z )  + ct ') +
<P V 6
( U w ' + ) a P + s :  ( 4 . 9 a )
0 .
Water sa tu r a t io n
A t B
5 -*‘ “  ~ A P ™  ~ y - A Z ) + « - ) +
< 4 . « ,
60
Gas saturation
The g a s s a tu r a t io n  i s  c a lc u la te d  using Equation (
4.1 )
5J*1 -  I - S r ' - S " * 1 ( 4 . 9 c )
4.5 Solution of Energy Equation
The p a r t ia l  d if f e r e n t ia l  eq u ation  fo r  energy c o n se r v a ­
tio n  i s  apprroxim ated in  f in i t e  d iffe r e n c e  form 10 , 11 , 1 2,13 
as:
A T ' H , ( A P ' - y ' A Z )  + A T „ H w[ A P a - y aA Z ) * A T ' H , ( A P ' - y t A Z )  + 
A ^ t A A r f '  + A l K i A A T ^  + A l K i A A T ^  + q H - q " -
^ , { ( * S . P . W .  + * S , . P 1. t f 1.  + * S , P , / / , )  + ( l - * ) p , C rr }
( 4 . 1 0  a )
Where:
/ / , -  enthalpy , subscript f stand for phase or s y s t e m ,Btu 
K h = t hermal  c o n d u c t i v i t y ,  B t u / h r  -  f t - 0 F 
q^t « h e a t s o u r c e  v s ink  
q hl = h e a t  Loss
Ct -  Specific heat capacity, subscript f stand for phase or system.
A sim ilar form to  Equation ( 4.8 ) can be produced fo r  
th e  h e a t f in i t e  d iffe r e n c e  equation .
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* u T V '  +  « u T * N' x + b u T i ; '  + c u T 7 '  +  f u T 7 l - d u  ( 4 . 1 1 )
4.6 treatment of production and injection term:
In a c tu a l r e s e r v o ir  p r a c tic e  a w ell i s  n o t only a so u rce  
and sink term ,it i s  a lso  where a l l  o b se r v a tio n s  and 
m easurem ents are  made. So th e  way inwhich th e  sim ulator  
t r e a t s  th e  w ell s itu a t io n  has a g r e a t  im pact on th e  
accuracy o f  th e  sim ulation  r e s u l t s  i *>i s.
V.
E xplicit trea tm en t fo r  th e  w ell i s  used . One o f  th e  
follow ing param eters fo r  th e  new time l e v e l  must be 
sp ecified :
A-. c o n s ta n t  w ell r a te  fo r  phase f .
B-. T ota l f lu id  r a t e s  
C-. w ellbore p re ssu r e .
6 2
FIGURE 4.2 WELL PRESENTATION IN GRID SYSTEM
An C onstant w ell ra te:
In th is  c a s e  one o f  th e  p h a se s  i s  g iven  a t  th e  new tim e 
as:
q nr*x = constant ( 4 . 1 2 a )
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Then m obility  r a t io  term s a re  u sed  to  c a lc u la te  th e  
o th e r  p h ase flow  r a t e s .  For example, i f  o i l  r a te  i s  
s p e c if ie d  in  Equation (4.12a) th en  th e  w ater and g as  
r a t e s  a re  c a lc u la te d  a s  :
q Z ' - F ^ q ? 1 ( 4 . 1 2 6 )
<7;*' = Ft**?1+Krv*1+ <?r (4.120
Where: ^
F kwo ~ mobi l i ty  ratio of w a ter  to oil
A,,'10
XT
Finto = mobi l i ty  ratio of ga s  to oil
A.,a
( 4 . 1 2 d )
( 4 . 1 2e)
“ ~ ~ 7r ( 4 . 1 2 / )l i f B  t
B zl T o ta l f lu id  ra te :
T ota l f lu id  r a t e s  can be ex p r e sse d  m athem atically  as:
Qt m Qo + Qw+Qa ( 4 . 1 3 a )
For th e  new tim e l e v e l  th e  t o t a l  f lu id  r a t e s  should  be 
sp e c ified :
q**1 -  c o n s t a n t ( 4 . 1 3 b )
Each phase i s  th en  c a lcu la te d  by th e  fo llow ing  
eq u ation s:
Oil  r a t e :
Ma te r  r a t e :
Equation (4.12d) i s  th en  u sed  to  c a lc u la te  th e  w ater  
r a te .
Gas, rate:
The ga s  r a te  can th en  be determ ined by su b tra ctio n :
<7,  “  <7 i ~  < 7 . “  Q u  ( 4 . 1 3 d )
Where:
A -  total  mobi l i ty of all producing f luids ,  darcy /  cp.
(4.13a)
Constant wellbore p r e s s s u r e -tft
The co n fig u ra tio n  o f  a w ell producing from a c ircu la r  
drainage area  with rad iu s (re) as  shown in  f ig u r e  (2.3) i s
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u s u a lly  u sed  fo r  c a lc u la tin g  w ell p rod u ction , a s
fo llow ing:
7 . 0  7 k . K xK , h [ p - P « )  ,n . = ------ ;----------- :-------------------- ( 4 . 1 4 a j
In (r fl/ r w) -  0 . 7 5  + S
T O P  V I E W
FIGURE 4.3 IMPOSING OF GRID AREA ON WELL DRAINAGE AREA
The g r id s  u sed  in  th e  s im u la to r  how ever, a re  n o t  
c ir c u la r  b u t r ec ta n g u la r  or p o lygon al in  sh ap e, a s  shown 
in  F igure 4.2. The e q u iv a le n t o f  r e , in term s o f  th e  grid  
dim ensions Ax and Ay ,  should  be u sed  E quation (4.14a) t o  
c a lc u a lte  p rod u ction . This is :
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r w = Well r a d i u s , /£
r #= dra i nage  r a d i u s , f t
p *= a v e r a g e  grid p r es s u r e ,  psi
and
S  -  sk in  e f f e c t
Injection or oink term:
During iso th erm a l in je c t io n  we only need to  co n s id er  one 
f lu id  p h ase, and co n seq u e n tly  th e  o th er  two p h a se s  are  
g e t  to  be zero . However, in  steam  in je c tio n , steam  and 
w ater need to  be co n sid ered . The in je c tio n  r a te  o f  each  
phase i s  e x p r e sse d  as:
Heat gain from th e  above qg and qw i s  c a lc u la te d  as:
Qom <ltX ( 4 . 1 5 a )
<7i(l - x ) ( 4 . 1 5 6 )
[<?0CpaPg + <!wCpwPw)Trl ( 4 . 1 5 c )
V67
Where:
X - s t e a m  q u a l i t y ,  frc.
7 t “ inject ion t e m p e r a t u r e 0/7
4.7 Heat Loss
4.7.1 Heat loss by Production:
Fluid a c t s  a s  a h e a t  c a r r ie r  in  co n v e c t iv e  tr a n sp o r t
through th e  porous medium. T h erefore , th e  production  
o f  f lu id s  a lso  c r e a te  h e a t  lo s s .
This l o s s  can be c a lc u la te d  as:
4.7.2 Heat lose to the surrounding formation;
As i t  shown in  Figure 4.4, th e  o i l  r e s e r v o ir  i s  
surrounded by two impermeable form ation s (overburden  
and underburden). H eat ta r n s fe r  to  th e s e  a d ja cen t  
form ations o ccu rs  by v e r t ic a l  conduction. This 
conduction  h ea t tr a n sp o r t  i s  c a lc u la te d  as:
Q hi =  aP po QwPu>C put *  Q a P paY^~ ( 4 . 1 6 )
Where:
T  -  we l l  or grid t e m p e r a t u r e ,  ° F
( 4 . 1 7 )
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O V E R B URDEN
R E S E R V O IR
UNDERBURDEN
FIGURE 4.4 HEAT LOSS TO THE OVERBURDEN AND UNDERBURDEN
As shown in  F igure 4.4, th e  overburden form ation  i s  
divided  in to  r ec ta n g u la r  g r id s  with uniform th ic k n e ss  ( 
g r id s  c lo s e r  to  th e  r e s e r v o ir  h ave a sm aller  
th ick n ess). Equation (4.17) i s  r e p r e se n te d  in  im p lic it  
d if fe r e n c e  form as:
+ b  t  " v + c t : : k\ x = d  ( 4 .  i s )
Where:
A ___________2,7
A Z  ltk[ A Z  lttL + A Z i tk- \ )
A Z  t'k[A Z  tik + A Z  ltk+1)
The boundary con d ition s fo r  th is  sy stem  are:
T x( x , y  %N z t t )  -  T t 
T , ( * , y  , 0 , 0  =  T r
Equation (4.18) produces a tr id ia g o n a l m atrix which can  
be so lv ed  by using th e  Thomas Algorithm. The s o lu t io n  
i s  then  u sed  to  obtain  H eat lo s s .
<7 u  =  "  2 K  A x  A y  (T  r -  T , )
. 8 Automatic time step controLl-
Todd, O'Dell and H iraasak i-^7 in trod u ced  th is  c o n cep t in  
(1972). The approach i s  t o  s e le c t  th e  la r g e s t  s ta b le  Ai 
s o  th a t  th e  maximum sa tu r a t io n  or p r e s su r e  do n o t  
exceed  th e r e  lim its  /JSUu and a p u u . The au tom atic  
t im e -s te p  c o n to l ca lc u la te d  as:
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A t n*1 = ( 4 . 1 9 a )
Where :
( 4 . 1 9 b )
MAX
A t , - A t *  f f  LIM ( 4 . 1 9 c )
AP MAX
A S UU and /4PLIMare problem d e p e n d e n t s
A S  max ° M A X „ „  Btia, (5“ ” 5 * ' 1) (4<.19d)
xJ/>MAX- M A X . vlr . „ , rli. ( P n- P * - ' )  ( 4 . 1 9 d )
4.9 Solution of the Simultaneous Equations:
The m atrix form o f  Equation ( 4.20 ) i s  g e n e ra ted  by 
w riting F.D.E's o f  f lu id  or en ergy  fo r  a l l  g r id s  in  th e  
x -y  system .
T T u - d  ( 4 . 2 0 )
Where J i s  th e  c o e f f ic ie n t  m atrix with p en tad iagon al 
form. The v e c t o r s  u and d each  have M e lem en ts. The 
v e c o te r  u c o n ta in s  th e  unknown fu n c tio n a l v a lu e s , e.g  
p r e s su r e  a s  th e  c a s e  o f  th e  f lu id  flow  eq u a tio n s  or  
tem p eratu re  in  th e  energy eq u a tio n s.
In th e  c a s e  o f  a one-d im ensional sy ste m ,a s  i
(4.18), J ta k e s  th e  follow ing tr id ia g o n a l shape :
Equation
The so lu t io n  o f  t h e s e  m atrices r e q u ir e s  a major
consum ption o f  com puter time. E s se n t ia lly , th e r e
are  two ty p e s  o f  m ethods th a t  are u sed  fo r  th e
so lu t io n  o f  th e  g e n e r a te d  m atrices 3
. I t e r a t iv e  so lu tio n
. D irec t so lu t io n
The two m ethods a re  explained in  more d e ta i ls  in
Appendix-B.
.10 Hass and Energy Balances
One c r ite r io n  fo r  checking th e  accu racy  o f  th e  f in i t e  
d iffe r e n c e  approxim ations in v o lv e s  usin g  th e  mass and 
en ergy  balance. One form o f  th e  mass or h e a t  balance  
th a t  can be s e le c t e d  i s  th e  d iffe r e n c e  betw een  th e  mass 
or en ergy in  p la ce  a t  th e  begining and a t  th e  end o f  
th e  tim e s te p , and th is  should  be equal to  th e  t o t a l  
f lu id s  or en ergy  p rod u ction  and expansion during one 
tim e s te p . The Mass Balance Error i s  th e r e fo r e  
c a lc u la te d  as:
MBE -  1 (4 .2 1  a )
q , A t
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Where:
id4- t h e  d i f fe r en ce  b etw een  the  big ining and the  end of t ime step  
/  = s t a n d  for ph ase  , o i l , water  or g a s
m - t o t a l  number of grids in the s y s te m  
The Energy Balance Error i s  ca lc u la te d  as:
r-wr* EI P n" - E I P a ,EKf E   — _ - ■------------------------- r ( 4 . 2 2 a )
[ q  t n / C  p t n j T  t n j A t )  ~ (XL-i P f ^  ^
Where:
E , p  r c  . / ) - d  ~ ^ P r C  , r )  ( 4 . 2 2 6 )
Low v a lu e s  fo r  MEB and MBE are n e c e s sa r y  co n d itio n s to  
s a t i s f y  b e fo r e  marching to  th e  n ext time s te p .
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CHAPTER F I V E  
STRUCTURE OF THE COMPUTER
PROGRAMME
5.1 Programme Strategy
Throughout th e  developm ent o f  th e  com puter model, th e  
fo llow ing o b je c t iv e s  are  borne on mind:
. programme e f f ic ie n c y  
. s to r a g e  optim ization  
. code f le x ib i l i ty  
. fu tu r e  upgrade 
. programme p o r ta b ility
However, com plete optim ization  o f  th e s e  o b je c t iv e s  can  
n o t be ach ieved  in  p r a c t ic e , b eca u se  o f  opposing or  
c o n flic t in g  demands. 2> 3
5.1.1 Programme Efficiency
One im portant co n s id e r a tio n  t o  in c r e a s e  programme 
e f f ic ie n c y  i s  th e  u se  o f  a s in g le  su b scr ib ed  array , 
in s te a d  o f  a m ultip le one ( w herever p o s s ib le  ) .
However, u sin g  a s in g le  su b scrib ed  array scheme adds 
an a d d itio n a l d if f ic u lty  in  th e  coding and r e a d a b ility  
o f  th e  programme .
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5.1.2 Storage Optimization
Grid ordering has a g r e a t  e f f e c t  on th e  com puter 
work and s to r a g e  requ irem ents. P rice and C oats * 
p r esen ted  fo u r  d if fe r e n t  ordering sy ste m s b ased  on 
optim al ordering. One o f  t h e s e  i s  th e  standard  
ordering schem e, where th e  gr id s are  numbered along  
th e  columns or rows , a s  shown in  Figure 5.1 . The 
sim ulator u s e s  th e  standard  ordering scheme in  th e  
ca lc u la tio n  but n ot in  th e  u t i l i t y  su b ro u tin es . This 
arrangem ent p rov id es e f f ic ie n t  c a lc u la tio n  , stan d ard  
input and c le a r  ou tp u t .
i = 1 2 3 4 5
j =  i 1 6 11 16 21
2 2 7 12 17 22
3 3 8 13 18 23
4 4 9 14 19 24
5 5 10 15 20 25
FIGURE 5.1 STANDARD GRID ORDERING
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5.1.3 Programme Flexibility and Future Upgrade
The s tr u c tu r e  o f  th e  programme co n ta in s  a group o f  
su b ro u tin es  th a t  can be in te g r a te d  in to  one another  
(such a s  WELRAT and PRCOEF su b rou tin es). These  
su b ro u tin es  are d esign ed  to  be s tr u c tu r a lly
independent to  minimise th e  fu tu r e  upgrade re q u ir e ­
ments and to  in c r e a s e  programme f le x ib il i ty  .
5.1.4 Programme Portability
To minimise th e  problems o f  programme p o r ta b ility  ^ we 
avoid  th e  u se  o f  n on -stan d ard  fe a tu r e s  o f  F ortran  77 
and lib ra ry  so ftw a r e  packages.
5.2 The Computational Scheme:
The sim u lator package c o n s is t s  o f  :
. main programme 
. su b ro u tin e  programmes
5.2.1 Main Programme
The main programme ta sk  c o n s t i t u te s  th e  fo llow ing
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Linkage :
The prime o b je c tiv e  o f  th e  main programme i s  to  link 
th e  sim u lator su b ro u tin es  through co h eren t seq u en ces  
o f c a l ls .
Extrapolation
The fo llow in g  Equation (5.1) i s  u sed  to  e x tr a p o la te  th e  
p r e s su r e  and sa tu r a t io n  o f  o il ,  w ater and g a s  ,as  
w ell a s , tem p eratu re :
Advancing
A fter  con v erg en ce , th e  p r e s su r e , s a tu r a t io n , tem pera­
tu r e  and m ateria l balance are  advanced a s  fo llo w s  :
( 5 . 1 )
where
U n + i= e x tra p o la te d  v a lu e  o f  U ( such a s  p r e s su r e ,
s a tu r a t io n  or tem p eratu re )
c e x tra p o la ted  co n sta n t.
( J n = ( 5 . 2 )
The flow  ch a r t in  Figure 5.2 shows th e  ex ecu tio n  
order o f  th e s e  ta sk s
5.2.2 Subroutine Programmes
The main fu n ctio n  o f  a sim ulator sub rou tin e may be 
c la s s i f ie d  as one o f  th e  fo llow ing :
A. u t i l i t y  Subroutine
B. c a lc u la tio n  Subroutine
5.2.2.1 Utility Subroutines
U tility  su b ro u tin es  are su b ro u tin es  which are n ot  
d ir e c t ly  u sed  in  so lv in g  F.D.E's, but ra th e r  th ey  
provide th e  u se r  with pow erful f a c i l i t i e s  t o  co n tr o l  
th e  input and th e  o u t o f th e  model. These  










The purp ose o f  t h is  su b rou tin e  i s  to  read  th e
sim u lator input data,w hich in  i t s  turn  c o n tr o ls  th e  
b eh avior o f  th e  model. T hese d a ta  may be c la s s i f i e d  
a s  :
. s in g le -r e c o r d  data  
. m u ltip le -reco rd  d ata
Figure 4.3 shows su b rou tin e  INPUT flow ch a rt.
Single-Record Data
This ty p e  o f  e n tr ie s  r eq u ires  only one input  
record . Most o f  t h e s e  d a ta  are f la g  ty p e , th a t
c o n tr o ls  th e  flow o f  th e  model according to  th e  
u se r  r e q u e s ts .  T hese d ata  are  :
I. TITLE : to  id e n tify  th e  run .
II. Number o f  gr id s
a. NX : no o f  g r id s  in  x -d ir e c t io n
b. NY : no o f  g r id s in  y -d ir e c t io n
III. Programme c o n tr o l p aram eters .
a. ICHECK : check th e  input d a ta  fo r  erro r .
b. IPRINT : index fo r  su p p ressin g
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p r in t-o u t  o f  th e  in i t ia l  data .
c. IPLOT : to  p lo t  th e  r e s e r v o ir  la y -o u t  .
d. IHEAT : to  s e t  h e a t  option  on .
IV. S o lu tion  method
a. ADI: A ltern atin g  D iagonal Im plicit method.
b. LSOR : Line S u c c e s s iv e  O verrelaxation
method.
c. PSOR : P oin t S u c c e ss iv e  O verrelaxation
method.
V. Fluids and rock co m p ress ib ility
a. co : o i l  co m p ress ib ility
b. c m  : w ater c o m p ress ib ility
c. eg : g a s  co m p ress ib ility
d. cfm : form ation  co m p ress ib ility
VI. Irred u cib le  s a tu r a t io n s
a. so ir  : Irred u cib le  o i l  s a tu r a t io n
b. swir : Irred u cib le  w ater sa tu r a tio n
c. sg ir  : Irred u cib le  g a s  s a tu r a t io n
VII. R eferen ce p o in ts
a. pBp : Bubble p o in t p r e s su r e
b. Trf : Tem perature r e fe r e n c e  p oin t
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VIII. Fluid d e n s it ie s  a t  standard con d ition s.
a. osc  : o i l  d e n s ity  a t  standard  con d ition s
b. wsc : w ater d e n s ity  a t  standard con d ition s.
c. gsc : g a s  d e n s ity  a t  standard  con d ition s.
IX. E xtrap olation  fa c to r  (c), s e e  Equation (5.1).
X. Well Radius ( rw )
XL Time c o n tr o l param eters
a. ITIME : in i t ia l  time
b. TFINAL : f in a l  tim e ^
c. DTIME : time s te p
d. TPRINT : time fo r  p r in t-o u t
e. MAXDT : maximum time s te p
f. MINDT : minimum time s te p
XII. S o lu tion  param eters
a. TLR : con vergen ce to le r a n c e
b. MAXIT : maximum number o f  i t e r a t io n s
c. w : LSOR and PSOR re la x a tio n  fa c to r
d. NPRM : number o f  ADI param eter
Multiple-Record Data
E n tries o f  th is  typ e need to  be a ss ig n ed  to  ev ery  
grid in  th e  r e se r v o ir . These e n tr ie s  are  :
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I. R eserv o ir  geom etry
a. DX : d e lta  x
b. DY : d e lta  y
c. TH : grid  th ick n ess
d. DEP : grid  depth
II. Rock Data
a. kx : x -d ir e c t io n  perm eability
b. ky : y -d ir e c t io n  perm eability
c. jzf : p o r o s ity
HE. I n it ia l C onditions ^
a. poi : in i t ia l  o i l  p r e ssu r e
b. so i : in i t ia l  o i l  sa tu r a tio n
c. sg i : in i t ia l  g a s  sa tu r a tio n
d. Ti : in i t ia l  tem perature
S ubrou tine READ
M ultiple-R ecord D ata, even  in  a sm all s tu d y , u su a lly  
runs in to  thousands o f  input reco rd s  . Data o f  th is  
ty p e  consume an immense amount o f  tim e and e f f o r t ,  
and co n seq u en tly  i s  su b je c t  to  human erro r . For 
th e s e  r e a so n s  su b rou tin e READ i s  d evelop ed  to  
e a s e  th is  problem by a ssig n in g  s in g le  v a lu e s  to  a l l
o f  th e  gr id s in a homogeneous r e s e r v o ir  or to  a ll
th e  grid s in  th e  reg ion  in  reg io n a l r e s e r v o ir  . 
Figure 5.4 r e p r e se n ts  th e  su b rou tin e  flow ch art.
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S u brou tin e INWELL
The purpose o f  th is  su b rou tin e i s  to  read  and to  
check th e  input w ell d a ta  . These d a ta  are  :
a. w ell r a te
b. w ell lo c a t io n
c. n ex t w ell time ( WELTIM )
Figure 5.8 shows th e  flow  ch a rt o f  th e  su b rou tin e.
This su b rou tin e update grid id e n t ity  ( ID ). ID 
d efin ed  a s fo llo w s  :
a. ID = 0, grid  o u t s id e  th e  r e s e r v o ir  boundary.
b. = 1 , grid  in s id e  th e  r e s e r v o ir  boundary.
c. = 2 ID  ^ 5, s h u t - o f f  w ell
d. = -3   ^ ID < -1, in je c tio n  w ell
e. = - 4 < I D < - 6 ,  production  w ell
f . = - 7 ,  t o t a l  flow  r a te
g. = - 8 , w ellbore p r e s su r e
h. = -9 ,  h e a t  in je c tio n
S u brou tin e PRINT1
P r in ts  th e  in i t ia l  input d a ta  , i f  IPRINT param eter  
i s  equal to  u n ity . The purpose o f  th is  p r in t-o u t  i s  
to  check th e v a lid ity  o f  th e  input d ata  . The flow  
ch a rt can be s e e n  in F igure 5.9 .
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S ubrou tine PRINT2
The fu n ctio n  o f  PRINT 2 i s  to  p rin t th e  sim ulator  
r e s u lt s  a f t e r  each  PTIME. See Figure 5.22 .
Su brou tin e SWITCH
Sw itches from one g r id s ordering scheme to  anther, 
according to  th e  sim u lator mode . flow ch a rt o f  
Figure 5.10 d em o n stra tes  th e  sub rou tin e p r o c e ss .
5.2.2.2 Calculation Subroutines
















TIMCON sub rou tin e c a lc u la te s  a l l  independent time 
v a r ia b le s , fo r  example th e  geom etric  c o n s ta n t  p a rt  
o f  th e  tr a n sm iss ib ility  in  th e  f lu id  flow  using  
Equation ( 4.4b ) fo r  a ll  th e  grid in  th e  sy stem , as  
w ell a s  th e  conduction  c o n s ta n t  in  th e  energy  
Equation. This sub rou tin e a lso  c a lc u la te s  grid  bulk 
volume a s  fo llow s:
V bt « A x tA y (Ah t ( 5 .3 )
Where T  r e p r e se n t  grid  p oin t i.
The sub rou tin e flow  ch a rt i s  g iven  in  Figure 5.5. 
Subrou tine START
The fu n ctio n  o f  th is  su b rou tin e i s  t o  c a lc u la te  th e  
follow ing :
a. In it ia l sa tu r a tio n  and p r e s su r e  o f  w ater  
from Equations ( 4.1 ) and ( 4 .2a ).
b. In it ia l p r e s su r e  o f  g as using Equation (4 .2 '
c. I n it ia l  f lu id s  ( o i l  , w ater and g a s ) and 
en ergy  in  p lace as fo llo w s :
Vb<t>S,
F L U T I °  D ( 5 .4 )
B r
Where FLOTI r e p r e s e n ts  in i t ia l  f lu id  in  p la ce  ( 
f lu id  = o i l  , w ater or ga s  ).
d. I n it ia l  h e a t  in p lace  a s :
HTTI  -  V b{<l>{Cp0p 0S 0 + CfiWp wS w + Cpgp gS +  i  1 - * ) p rCpr}
(5 .5 )
Where HTTI r e p r e s e n ts  in i t ia l  en ergy in  p lace  
Figure 5.6 shows th e  su b rou tin e flow ch a r t . 
S u brou tin e TIMCAL
I f  t im e -s te p  i s  n o t sp e c if ie d  in  su b ro u tin e  Input, 
then  th is  su b ro u tin e  i s  u sed  to  c a lc u la te  th e  
maximum T im e-step . The c a lc u la tio n  i s  perform ed by 
applying E quations (4.19). The flow  o f  th is  
su b rou tin e i s  I l lu s tr a te d  in  Figure 5.7.
S u brou tin e PRCOEF
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The purpose o f  th is  su b rou tin e  i s  t o  c a lc u la te  th e  
p r e s su r e  c o e f f ic ie n t  m atrix by usin g  Equations (4.7) 
. S ee  Figure 5.11.
S u brou tin e WELRAT
A w ell in  th e  su b ro u tin e  i s  id e n tif ie d  (ID) by i t s  
flow  r a te . WELRAT su b rou tin e  u t i l i s e s  th is  (ID) to  
c a lc u la te  o i l  , w ater and g a s  r a te  a s  by using  
Equations (4.12), (4.13), (4.14) and (4.15) a s  shown in  
Figure 5.12. The fo llow in g  ID index i s  u sed  to  
id e n tify  w ells  type:
I. C onstant in je c t io n  r a te  :
ID = -1 fo r  o il  
ID = -2  fo r  w ater  
ID = -3  fo r  gas
II. C on stan t p roduction  r a te  :
ID = -4  fo r  o i l  
ID = -5  fo r  w ater  
ID = - 6  fo r  gas
in .  C on stan t t o t a l  r a te  
ID = -7
IV. C on stan t w ellbore p r e ssu r e  
ID = - 8
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V. Heat in je c tio n  
ID = -9
S u brou tin e NEW SAT
NEWS AT c a lc u la te s  e x p lic it ly  th e  new o il ,  w ater and 
g a s  s a tu r a t io n s  using  Equations (4.9), and u p d ates  
th e  w ater  and g as p r e ssu r e  using  Equations ( 4.2 ) 
. F igure 5.13 shows The su b rou tin e flow ch art.
Subiroutine HTCOEF
The h e a t  c o e f f ic ie n t  m atrix i s  c a lc u la te d  using  
Equations(4.10). The flow ch a rt i s  g iven  in  Figure
5.14.
S u brou tin e ADI
Subruotine ADI i s  one o f  th re e  m atrix s o lv e r  
su b ro u tin es  . ADI s o lv e s  th e  g en era ted  c o e f f ic ie n t  
m atrix from PRCOEF or HTCOEF su b ro u tin es  by th e  
fo llow in g  i t e r a t iv e  procedure. Equations ( 4.8 ) and 
(4.11 ) a re  d ivided  in to  two s te p s  :
a. x -d ir e c tio n  sweep
b. y -d ir e c t io n  sweep
a. x-d i r e c t i  on sw eep : a t  th is  s t e p  we are
only so lv in g  fo r  W,M and E v a lu e s , so  Equations  
(4.8) and (4.11) are  w ritten  a s  follow s:
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Q > w  * b xUQ u + c UQ E = d xU ( 5 . 6 a )
Thomas algorithm  i s  u sed  to  so lv e  th e  r e s u lte d  
tr id ia g o n a l m atrix from Equation ( 5.6a ) .
b * v-direction sweep : a t  th is  s t e p  , th e  Os 
are  u sed  in  th e  so lu t io n  o f  N, M and S v a lu e s . The 
p r e s su r e  and energy Equations (4.8) and (4.11) 
r e s p e c t iv e ly  , a re  arranged as fo llow s :
n + b yi/Uu  + / u U s  ** d yu (5 ^ 6 6 )
New s o lu t io n  , o f  p r e s su r e  or tem p eratu re ,is  
ob ta in ed  from so lv in g  Equation (5.6b). This so lu t io n  
th en  w ill be u sed  in  th e  follow ing eq u ation  to  
c a lc u la te  th e  r v a lu e , which w ill be t e s t e d  a g a in st  
a g iv en  to le r a n c e  fo r  convergen ce
r -  p fc+1 “ p* ( 5 . 6 c )
In th e  ADI flow  ch a rt Figure 5.17, X  i s  sym bolizing  
p r e s su r e  or tem p eratu re .
S u brou tin e PSOR
This method arran ges Equations (4.8) and (4.11) to  
accou n t only fo r  one grid. As shown in f ig u r e  5.18, 
i t e r a t io n  p r o c e s s  i s  conducted  over th e  fo llow ing  
eq u ation s:
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O u = - r - [ d „ - e u U K, ; 1 - a u U „ ' - c „ U KE- f  UU KS) ( 5 . 1 6  a )
Then 0 re laxed  by th e  fo llow ing equation:
U Ku’ l - U tu - a j ( O u - U Ku ) ( 5 . 1 6 6 )
Where
k = i t e r a t io n  le v e l
w -  relaxat ion parameter
This i t e r a t iv e  p r o c e s s  i s  continue u n til  th e  
c o n s tr a in s  g iv en  by Input sub rou tin e are  s a t is f ie d .
S u brou tin e LSOR
The LSOR method red u ces  th e  tw o-d im ensional
problem o f  E quations (4.8) and (4.11) to  th e  fo llow ing  
on e-d im en sion al problem : (s e e  Figure 5.19)
CL jf 0  |/  ^6  y 0  y  C y 0  £ = y  ( 5 • 1 7 Ct )
Equation (5.17a) g e n e r a te s  a tr id ia g o n a l m atrix which 
can be so lv e d  by Thomas algorithm. The v a lu e  o f  0 
can be re la x ed  by th e fo llow ing equation:
Where:
& U ™ d y ’- e y U y  — /  y U  y U k£ ( 5 . 1 7 6 )
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U Z 1 = u k- ( u [ 0  U- U KU) ( 5 . 1 7 c )
Su brou tin e THOMAS
ADI and LSOR methods g e n e r a te  , through th e r e  
so lv in g  p r o c e s s  , a tr id ia g o n a l m atrix o f  th e  
fo llow ing form.
b j c i
CL 2 b 2 C 2 \
The s o lu t io n  i s  d ivided  in to  two s te p s .  The 
f i r s t  s t e p  i s  th e  fo llow ing
( 5 . 1 8 a )
Qt — d.i
a tQi-i w it h  Q, =
( 5 . 1 8 6 )
The secon d  s te p  i s  Back su b s t itu t io n
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u' u m Q if ( 5 . 1 8 c )
C f U f . i
lLt = Q t - - j y ±  ( 5 . 1 8 d )
W  t
These s te p s  are  i l lu s t r a te d  in  th e
su b ro u tin e  flow  ch a r t, Figure 5.20
S u brou tin e PBOP
PROP su b ro u tin e  fu n c tio n  i s  to  provid e vth e
c a lc u la tio n  su b ro u tin es  with th e  fo llow ing f lu id  and 
rock p r o p e r t ie s  :
I. Rock
a. p o r o s ity , $  = f( P )
b. r e la t iv e  perm eability  , kr = f( s  )
c. ca p illa ry  p r e s su r e , pc = f( s  )
d. therm al co n d u ctiv ity , kh = f( T )
e. s p e c if ic  h e a t , cp = f( T )
n . Fluid
a. form ation  volume fa c to r , B = f( p,T )
b. d e n s ity , p  -  f( p,T )
c. v i s c o s i t y ,  m = f( p,T )
d. s o lu t io n  g a s , Rs = f( p ,t  )
e. therm al c o n d u c tiv ity , kh = f( T )
f. s p e c if ic  h e a t , cp = f( T )
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The p r o p e r t ie s  can be en tered  a s  look  up ta b le s ,  
or c o r r e la t io n s . The flow ch a rt i s  shown in  Figure
5.15.
S u brou tin e looku p
This su b ro u tin e  u s e s  S eq u en tia l sea rch  and lin ea r  
in te r p o la t io n  betw een ta b le s  v a lu es . The e f f ic ie n c y  
o f  th e  su b rou tin e  i s  g r e a t ly  improved i f  th e  
e n tr ie s  are  eq u ally  sp a c e d 6. Figure 5.16 shows th e  
flow  c h a r t o f  th e  sub rou tin e.
S u brou tin e MB
Subroutine MB i s  ex ecu ted  a t  th e  end o f  each  time 
s te p . The fu n c tio n  o f  su b rou tin e MB i s  to  c a lc u la te  
f lu id  mass balance and h e a t balance er r o r s .  
Equations (4.21) and (4.22) are u sed  in  th e  
c a lcu la tio n . F igure 5.21 shows th e  su b rou tin e  flow  
ch art.
5.3 Flow Charts
The sim u lation  model c o n s is t s  o f  a complex c o lle c t io n  
su b ro u tin es . The su b ro u tin es  a re  t ie d  to g e th e r  by th e  
main or c o n tr o l programme, th e  flow ch art sym bols and 































tr 18 19 20 — **
CODE SYMBOLS CODE SYMBOLS j
1 PUNCH CARD 11 TERMINAL/INTERUPT
1 2 PROCESS 12 INLINE STORE
1 3 C0RE\AUX OPERATION 13 COMMUNICATION
1 4 INPUT\OUTPUT 14 BOTH-AND
I 5
DECISION 15 EITHER-OR
1 6 MANUAL OPERATIONS 16 TAPE OPERATION
7
MANUAL INPUT 17 START/END
1 8 OFF PAGE 18 P. TAPE
1 9 MERGE 19 PREPARATION I
10 DO-LOOP/CONTINUE 20 DOCUMENT I
9 8
MAIN PROGRAMME FLOW CHART
NO
7 PLOT
C A L L  S W IT C H
C A L L  P R O P
C A L L  T IM C O N
C A L L  P R IN T *
C A L L  S T A R T
C A L L  IN P U TCALL RPAD
CALL PLOT
CHUCK INPUT RATA
FIGURE 5 . 2  MAIN PROGRAMME FLOW CHART
Cont. MAIM PROGRAMME F L O W  CHART
D T IM E  -  0
CALL TIMCAL
D T IM E  =  - /




c o n t .  FIGURE 5 . 2  MAIN PROGRAMME FLOW CHART







E X T R A P O L A T E  P , S , A N D  T
EQ (  5.1 J
METHOD
SOLUTION
c o n t .  FIGURE 5 . 2  MATN PROGRAMME FLOW CHART
JA'i.












c o n t .  FIGURE 5 . 2  MAIN PROGRAMME FLOW CHART
C o n t ,  MAIN PROGRAMME FLOW CHART
YES
T IM E  >  P T IM 1
YES
T IM E  *  /T IM E
C A LL S W IT C H
GO TO /
CALL PR IN T2
ADVANCE PRESS, SAT, HEAT
MB, AND TIME EQ ( 5 - 2 )
c o n t .  FIGURE 5 . 2  MAIN PROGRAMME FLOW CHART
1 0 3









_ * / SINGLE
/  E N T R
DO O VER A
CALL
/  INITIA 
CDNDITONS
CALL
FIGURE 5 . 3  SUBROUTINE INPUT FLOW CHART
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SUBROUTINE READ FLOW CHART
S T A R T
S E L E C T  /
1 -  HMOGE
2  -  R E G I O
3  -  HETRDGE
GRID(l)
DO I  = ACTI
GRID(I) =
YES
/ N O  OR 
REGION V
I ' lC I IRK : A: . I 'R k , , ! IT IN K  l.'KAd KLdW CHART
1 0 5
C o n * .  S U B R O U T I N E  R E A D  F L O W  C H A R T
DO J  =  REGION NO
DO I = ACTIVE GRID
GRIDV(I) = REGIONV(J)
E R R O P R  \  
MESSAGE
YES
DO I  = A C TIV E  GRID]
'GRID VALUE (I>
c o n t .  FIGURE 5 . 4  SUBROUTINE READ FLOW CHART
1 0 6
SUBROUTINE TIMCDN FLOW CHART
N X  >
DO I  = ACTIVE GRL 
\  IN X-DIRECTION/
C A L  GRID (I )  GC 
USING eg ( A A b )
HEAT ON
YES
CAL GRID(I) CDNDC 
USING EG ( A- tOb)
N Y  > I
DO J  =  ACTIVE
- * r + ( D a  I = ACTIVE GRID
GRID IN Y-DIRCCTION
CA L GRID (J) CG 
USING EG(AAb)
C A L  GRID(I) BULK
VOLUME USING EO (.S-Z >
Y E S
CAL GRID(J) CDNDC 
USING E G ( A . \ 0 b )
FIGURE L.L SUBROUTINE TIMOON FLOW CHART
1 0 7
SUBROUTINE S T A R T  FLOW CHART
+ \D D  I  = ACTIVE GRID>

















CAL. INITIAL WATER IN-PLACE
EQ.
CAL. INITIAL GAS IN-PLACE 
EQ.
CAL. INITIAL ENERGY IN-PLACE
EQ.
FIGURE 5 . 6  SUBROUTINE START FLOW CHART
1 0 8
S U B R O U T I N E  TIMCAL F L O W  CHART
P  L I M I T  ( D P L I M )  
S  L I M I T  < D S L I M )
D S M A X =  0
D P M A X =  0
DO I = OVER ALL ACTIVE GRIDS
C A L C .  D S  A S  C H A N G E  I N  S A T .
BETWEEN TWO TINE STEPS.
P  >  D P M A X
< S § >  D S M A ^ : ^YES DSMAX = DS
n d T ^
CALC. DP AS CHANGE IN 
BETWEEN TWO TIME STEPS.
PRESS.
I— 3f
D P M A X  =  D P
C A L C . D T S . E Q < 4 .  I U )  «
1
C A L C . D T P . E Q < 4 . 1 9 0
DTIME = MINC DTS,DTP )
STDP
FIGURE 5 . 7  SUBROUTINE TIMCAL FLOW CHART
1 0 9
SUBROUTINE IN V E L L  FLOW CHART
START
<NO OF WELLS
+ (l> a NV OVSX ALL V tLLS
I
WELL RATE
1 OIL RATE 8  WATER RATE 
3  GAS RATE 4 TOTAL FLUID
5 WELL PRESSURE 6 ENERGY
WELL LOCATION
RATE
TOTAL WELL = 
TOTAL WELL -  J
TOTAL WELL = 
TOTAL WELL 4 I
UNERLINE THE WELL
/ NEXT WELL TIME A~
I
CALL U STOP
FIGURE 5 . 8  SUBROUTINE fNWEI.L FLOW CHART
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SUBROUTINE PRINT1 FLOW CHART
STA R T
HEADING
m i *  active: grid
CALL
GRIJXD GEOHA
S W I T C H
GRI1XD INITIAL 
CONDITIONS \ k > -
CALL
S W I T C H l
INITIAL FLUltk
AND H E A T \ ~  
I N -P L A C E \
STB
FIGURE 5.9 SUBROUTINE PRINT1 FLOW CHART
I ll
SUBROUTINE SWITCH FLOW CHART
START
SELECT
1- CONVERT FROM SINGLE ARRAY TO MULTIARRAY
2 -  CONVERT FROM MULTIARRAY TO SINGLE ARRAY
YES
DO 1 * GRID IN 
X-DIRECTION ,
DO J  * GRID IN
A1 =  1 + <J+1> NX
MUL TIARRA Y (IJ>  = 
 SINGLE ARRAY CM)
ND\  erro r \
\ m e s s a g eYES
DO I « GRID IN 
X-DIRECT ION >
DO J  * GRID IN
M =  I  + ( J + l )  NX
SINGLE ARRAY(M ) =
MUL TIARRA Y(LJ>
FIGURE 5 . 1 0  SUBROUTINE SWITCH FLOW CHART
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SUBROUTINE PRCDEF FLDW CHART






CALC. A,B,C,E,F AND D
FIGURE 5.11 SUBROUTINE PRCOEF FLOW CHART
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SUBROUTINE WELRAT FLDW CHART
S T A R T
C H E C K  W E L L  I D
CALC. INJECTIDN  
RATES. EQ < 4 . 1 2 )
C S T E lfO
CALC. PRODUCTION 
RATES. EQ < 4 ,1 3 )
C ST D P^
CALC. IN JE C T IO N  
RATES. EQ < 4 . 1 5 )
=  T L J T A
ID = ENERG
C S T D P J > ERRDR
MESSAGE
ALC. PRODUCTION 
RATES. EQ < 4 J 2 )
CALC. PRODUCTION 
RATES. EQ ( 4 ,1 4 )
> { /
FIGURE 5.12 SUBROUTINE WELRAT FLOW CHART
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S U B R O U T IN E  NE
DO O V ER  A
CALC. NEW
A N D  P R
E O 'S < 4 .9 c
CALC. NEW 
A N D  P R E S S .  




t o p )
FIGURE 5 .1 3  SUBROUTINE NEWSAT FLOW CHART
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SUBROUTINE HEATCOEFF
S T A R T




FIGURE 5 .14  SUBROUTINE HTCOEF FLOW CHART
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SUBROUTINE PROP




FIGURE 5 . 1 5  SUBROUTINE PROP FLOW CHART
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SUBROUTINE LOOKUP
S T A R T
E R R O R
DO I  = O V E R  ALL
MESSAGE
COMPAIR I N - V A L U E  W
YES
I N - VALUE
YES
K  STOI N - V A L U E
NO
NO E R R O R \  
MESSAGE




FIGURE 5 . 1 6  SUBROUTINE LOOKUP FLOW CHART
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SUBROUTINE ADI FLDW CHART
S T A R T
NADI = 0
YES
.DIP = HA, ADIP = 0
NO
A D I P A D I P  +  1
RADI = 0 
RMAX = 0
N A D I  =  N A D I  +  1
DO I - OVER ALL ACTIVE 
GRIDS IN X-DIRECTIDN
C A L C .  X A , X B , X C , X D .  E Q
THHMAS H  ^  F° R XSTW




DO J  = OVER ALL ACTIVE 
GRIDS IN Y-DIRECTIDN
C A L L 1-
THDMAS -1
CALC. YA,YB,YC,YD. EQ ( 5 . 6  b) 
_ - T _
S O L V E  FDR X
z z z j -----------
DM- OVER ALL ACTIVE GRIDS




t lr  < rmax STuP
R r S r
NO CONVERGENCEADI = ADIMA 
□
GD TO 1
c o n t ,  FIGURE 5 .1 7  SUBROUTINE ADI FLOW CHART
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12 Cl
SUBROUTINE PSOR FLOW CHART
NSDR + 1
DO I = OVER ALL ACTIVE GRIDS 
" ' 1
CALC. X . EQ









STDP TLR < RMAX
NSDR < PSOMAX
FIGURE 5 . 1 8  SUBROUTINE PSOR FLOW CHART
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SUBROU TINE  L S D R  F L D W  CHART
S T A R T
RMAX = 0
NLSQR = NLSDR + 1
DD I = O V ER  A LL A C T IV E  ROW S
DO J  = OVER ALL GRIDS IN I
CALC. YA,YB,YC,YD. EQ < 5 ./? « >
■ m ’
THOMAS S O L V E  F D R  X
DO J  = OVER ALL GRIDS IN I
RELAX X. EQ <5.|Tb )
C A L C .  R .  E Q  < 5 . 1 7 0
> RMA RMAX
R M A X  >  T L R
YES
\
\C D N V ERG EN CE
N L S D R  <  N M A
FIGURE 5 .1 9  SUBROUTINE LSOR FLOW CHART
1 2 2
S U B R O U T I N E  THOMAS F L O W  CH AR T
D O  I  =  O V E R  A L L  E Q U A T I O N S
DD IR = OVER EQUATIONS IN REVERSE
C A L C ,  X ( I R > ,  E Q  C b . 1 8 d )
C A L C ,  W. E Q  ( 5 . 1 8 a )
C A L C ,  Q I ( I ) ,  E Q  C 5 J 8 b )
FIGURE 5 . 2 0  SUBROUTINE THOMAS FLOW CHART
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SUBROUTINE MB
DO I  = O V E R  A L L
CALC. NEW MB. FOR
I S  GRID(I)
CALC. TOTAL F LU ID S AND
HEAT  =
C A L C . N E W  H E A T (4.22 >
CALC. MB ERROR FOR
MB ERROR C O N V E R G E N C E
Y E S
C O N V E R G E N C E
FIGURE 5 . 2 1  SUBROUTINE MB FI.OW CHART
1 2 4
SUBROUTINE PRINT2
TIME '  
TIME
DO  I = O V E R  A L L
C A L L
SWITCH




A N D  H
FIGURE f . ,22 SUBROUTINE I K' NT. FLOW CHART
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The model d escrib ed  in p rev io u s  ch a p ters  has been  
tr a n s la te d  in to  a computer programme w ritten  in  Fortran  
77 language. The programme was checked and run on a 
Honeywell 6 8  DPS computer.
With some sim p lifica tion , how ever i t  i s  a lso  p o ss ib le  to  
run th e  model on p erso n a l com puter (PC) equipped with 
F ortran  com piler and math c o -p r o c e s s o r .
Model checking was ca rr ied  o u t a t  ev e r y  s te p  o f  th e  
model developm ent. In g en era l, two ty p e s  o f  checks were 
used: m athem atical checks (for  example, arith m etic ,
dimension and boundary con d ition s) and en g in eer­
in g -s e n s e  checks (for example, f a c to r s  behave a s  
exp ected  ). These checks were conducted  to  in su re  
erro r  f r e e  coding and loading a b ility .
6.2 Model validation
As has been explained in  th e  e a r lie r  c h a p te r s , th e  
energy eq u ation  u t il iz e s  th e  c a lc u la te d  p r e s su r e  and
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sa tu r a t io n  d is tr ib u tio n s  to  s o lv e  fo r  th e  tem perature  
d istr ib u tio n . In order to  e a s e  th e  v a lid a tio n  p r o c e ss  
th e  model was divided in to  two p a rts:
1 . iso th erm a l model.
2 . therm al model.
6.2.1 Iso th erm a l Model
To i l lu s t r a t e  th e  model's a b ility  to  p red ic t p r e ssu r e  
and s a tu r a t io n  d is tr ib u tio n s , th e  fo llow ing h y p o th e t i­
c a l t e s t s  were conducted  b ased  on th e  d ata  con ta in ed  
in  appendix C. These data  were chosen  within an 
a c cep ta b le  range o f  a c tu a l r e s e r v o ir s  con d ition s.
Cage-1-* ze ro  so u r ce  term
Although th is  t e s t  i s  very  simple and th e  so lu t io n  i s  
e a s y  to  p red ict; n e v e r th e le s s ,  th e  programme 
p roceed ed  to  c a lc u la te  a ll  th e  requ ired  m atrices and 
con verge to  th e  so lu tio n . The d ata  u sed  in  th is  t e s t  
are  l i s t e d  in  appendix C, T ables 6 A-E. The in i t ia l  
co n d itio n s a re  g iven  in Table 6.1a. B ecau se  th e  
r e s e r v o ir  was n o t d istu rb ed  by p roduction  or 
in je c tio n , th e  model p rin t o u t showed, a s  exp ected , 
th a t  th e  in i t ia l  p r e ssu r e  and s a tu r a t io n  d is tr ib u tio n  
were su s ta in e d  during th e  s im u lator run.
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O IL W ATER G A S
2000.0 100.0 0.60 0.30 0.10
C ase^ 2 i S a tu r a tio n  and D elta  lim a  E f fe c ts  :
This run exam ines th e  model s e n s i t iv i t y  to  d if fe r e n t  
d e lta  tim es.
S e le c t io n  o f  th e  optimum d e lta  time i s  based  upon th e  
minimum e r r o r  and v a r ia t io n  betw een two t im e -s te p s  or 
d e lta  tim es. The time s te p  erro r  i s  defined  a s  th e  
erro r  betw een  two se q u e n tia l time s te p s  o f  th e  same 
d e lta  tim e. This erro r  i s  r e p r e se n te d  by two ad jacen t  
c e l l s  a c r o s s  th e  same d e lta  time row in  T ables 6.3A 
through 6 .9 A, and a lso  in  F igu res 6.1 through 6.17. 
Where th e  d e lta  tim e er r o r  i s ,  th e  erro r  betw een  any 
two d e lta  tim es fo r  th e  same tim e s te p . This i s  
d escrib ed  by any two c e l l  in  th e  same column in  
Tables 6.3A through 6.9A, and a lso  in  Tables 6.3B-CT.
G eom etric, f lu id  and rock p r o p e r t ie s  ch osen  fo r  th e  
s e n s i t iv i t y  a n a ly s is  a re  g iven  in  appendix C, Tables  
(6 A-E). Where th e  in i t ia l  co n d ictio n s and w ell d a ta  are  
shown in th e  fo llow in g  T ables 6.2A and 6.2B.
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| TABLE 6.2A-CASE 2 WELL INPOT DATA
WELL
NO.
TIME (D) LOCATION I RATE (BBL/D)
S T A R T E N D I J  | O IL W ATER G A S
1 0.0 45.0 1 2 I -50.0 0.0 0.0
TABLE 6.2B CASE 2 INITIAL CONDITIONS
PRESSURE |TEMPERATURE SATURATION
H 1 O IL W ATER G A S
1900.0 I 100.0 1 0.55
------------ 1----------- L
0.40 0.05
M ass B alan ce e r ro r s -
Oil, w ater , and g a s  m ateria l b a la n ces  are  p r e se n te d  in  
T ables 6.3 and F igu res 6.1 through 6.3. The m ateria l 
balance i s  an e s s e n t ia l  r e q u is it io n  fo r  model 
con vergen ce .
A_ O i l  M a t e r i a l  B a l a n c e
From Table 6.3A, We n o t ic e  th a t  th e  sm a lle s t  v a r ia t io n  
and m agn ification  o f o i l  m ater ia l balance er ro r  i s  
a ch ieved  with d e lta  tim e (dt) 5.
'
TABLE 6.3A-0IL MATERIAL BALANCE
t \ 5 10 15 2 0 25 30
5 1.0006 1.0006 1.0006 1.0006 1.0007 1.0007
1 0 1.0007 1.0007 1.0008
15
1 .0 0 1 1 1 .0 0 1 2
2 0 1.0014
30 1.0025
Although th e  e r ro r  do n o t d if f e r  s ig n if ic a n tly  fo r  
d if fe r e n t  tim e in crem en ts, Figure 6.1 shows th a t  a 
more s ta b le  p r o f ile  e x i s t s  fo r  d e lta  tim es 5 and 10. 
The la r g e s t  Oil M aterial Balance Error (OMBE) occu rs  
with d e lta  tim e 30. But th e  OMBE (0.0025) o f  d e lta  
tim e 30 i s  s t i l l  w ithin th e  a ccep ta b le  to le r a n c e .
F urther more, The d iffe r e n c e  betw een  d e lta  tim es MBE 
a re  d em on strated  in  Table 6.3B. H ere, i t  can be s e e n  
th a t  sm a lle s t  e r r o r  o ccu rs  betw een  dt=5 and dt=10.
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TABLE 6.3B-EFFECT OF DELTA TIME ON OIL MATERIAL
BALANCE
20 30
0.0 0.0001 0.0005 0.0008 0.0018
10 0.0 0.0007 0.0017
1 5 0.0 0.0013
20 0.0
3 0 0.0
EFFECT OF D E LT A TIME ON OIL MB
1.004
1.0038 - ■ DT-6 A DT-30
1.0036 - +  DT-10 O DT-16





1.0033 -  






1.0008 -  
1.0006 4
S 10 IE 30 36 30 36 40 46
DELTA TIME, DATS
FIGURE 6 .1  E FF EC T OF DELTA TIME ON OIL MATERIAL BALANCE
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IL Water Material Balance
TABLE 6.4A-WATER MATERIAL BALANCE
3020 25dt





More c o n s is t e n t  and low er e rr o r  v a lu e s  a re  ach ieved  
fo r  w ater m ateria l b alance compared with th e  o i l  
M aterial Balance a s  shown in  Table 6 .4A. IT should  be 
m entioned th a t  th e  p rod u ction  o f  w ater i s  only 1 bbl/d  
compared t o  o i l  prod u ction  o f  50 bbl/d.
Table 6.4B and f ig u r e  6.2 show th e  so lu t io n  i s  more 
s ta b le  fo r  dt= 5 and dt= 10.
1 3 3
TABLE 6.4B-EFFECT OF DELTA TIME ON WATER MATERIAL
BALANCE
3020
0.0 0.0001 0.0001 0.0005




EFFECT OF DELTA TIME
ON W A T E R  M A T E R I A L  B A L A N C E1.001 I
■  D T - 6 A  D T - 2 0
I.OOI -
+  D T - I O O  D T - I S
DT-301 . 0 0 0 9  -
3  1 . 0 0 0 7  -
tcp
<  1 . 0 0 0 6  -
1 . 0 0 0 5  -
1 . 0 0 0 4  -
1.0003 -
1.0002
6 1 6 2 6 38 4 8
FIGURE 6 . 2  EFFECT OF DELTA TIME ON WATER MATERIAL
BALANCE
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.<2 - G a s  M a te r ia l. B a lan c.e .
TABLE 6.5A-GAS MATERIAL BALANCE
25 302 0





Among th e  th r e e  p h a se s , g a s  has th e  la r g e s t  M aterial 
B alances Error, a s  shown in  Table 6 .5A and Figure 6.3. 
The sm a lle s t  MB erro r  i s  ach ieved  fo r  dt= 5, which i s  
a lso  th e  m ost s ta b le . Figure 3 c le a r ly  shows th a t  
when dt> 5, th e r e  i s  l e t t e r  to  ch o o se  betw een  th e s e  
a s regard  so lu t io n  accu racy .
1 3 5
TABLE 6.5B-EFFECT OF DELTA TIME ON GAS MATERIAL
BALANCE
d t
1 0 2 0 30
0.0075 0.0081 0.0098 0.0095
10 0.0025 0.0005
15 -0 .0 0 0 5
2 0
30
EFFECT OF DELTA TIME ON G A S  MB.
1.01
A DT-20■ DT-S1.009 -
+ DT-IO O DT-16
1.008 - 2 0
DT-30
1.007 -
1 . 0 0 6  -
15
1.006 -
1.004 -•a2 1.003 -
1.002  -
1.001 -
0 . 9 9 8  -
0.997
0 . 9 9 6
4636 4026 308 10 IS 20
TIME. DAY
FIGURE 6 . 3  EFFECT OF DELTA TIME ON GAS MATERIAL BALANCE
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A verage p re ssu re  and sa tu ra tio n s
The e f f e c t  o f  tim e increm ent (dt) on th e  accu racy  o f  
a v era g e  r e s e r v o ir  p r e s su r e , and o il, w ater and gas  
s a tu r a t io n s  i s  g iv en  in  T ables 6.4 through 6 .5c and 
F igu res 6.4 through 6.7.
A -Pressure
TABLE 6 .6 A-PRESSURE
25 302 0





The d ec lin e  in  th e  p r e s su r e  p r o f ile , shown in  Table 
6 .6 A and Figure 6 .4 , r e f l e c t s  th e  c o r r e c t  behavior o f  
a r e s e r v o ir  under c o n s ta n t  r a te  production  condi­
t io n s . For a d e lta  tim e o f  5, th e  d ec lin e  i s  
approxim ately eq u a ls  1.4% o f  th e  in i t ia l  p r e s su r e  per  
time s te p  fo r  an o i l  production  o f  250,0 BB1.
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TABLE 6 .6 B-EFFECT OF DELTA TIME ON PRESSURE
20 30





Table 6 .6 B shows n o tic e a b le  d iffe r e n c e  betw een  th e  
c a lcu la te d  a v era g e  r e s e r v o ir  p r e s su r e  fo r  d if fe r e n t  
d e lta  tim es. For example, th e r e  i s  30.4 p s i  d iffe r e n c e  
betw een dt= 5 and dt= 30 a t  time s te p  30. This 
d iffe r e n c e  i s  p ro p o rtio n a l to  th e  d iffe r e n c e  betw een  
two d e lta  tim es.
1 3 8
The most l ik e ly  c a u s e  o f  a v e ra g e  p r e s s u r e  d i f fe r e n c e  
i s  th e  approxim ation o f  th e  f lu id  p r o p e r t ie s  
g r a d ie n ts ,  f o r  example form ation  volume f a c t o r  
g ra d ien t  (dB/dP), which are  r e f l e c t e d  in  th e  
c a lc u la t io n  o f  t o t a l  co m p ress ib li ty .  This e r r o r  i s  
en large  with in c r e a s in g  d e l t a s  time va lu e .
EFFECT OF DELTA TIME ON PRESSURE
1 8 8  -
1 . 8 6  -
1 . 8 6  -
1 . 8 2  -
1 . 8  -
5»
m 1 . 7 8  -
X* 
£  2
& s 1 . 7 6  -
8 , 5
1 . 7 *  -
A.
1 . 7 2  -
1 . 7  -
1 . 6 8  -
1 . 6 6  -
1 . 6 *  -
■  D T - 5 A D T - 3 0
♦  D T - I O 0 D T - I S




FIGURE 6 . 4  THE EFFECT OF DELTA TIME ON PRES SU RE
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B - O i l  S a t u r a t i o n
TABLE 6.7A-0IL SATURATION
20 25 30





With a p rod u ction  o f  50 b a r r e ls  per day, th e  d eclin e  
in  o i l  sa tu r a t io n , shown in  Table 6 .6 A, i s  exp ected . 
The a v era g e  o i l  s a tu r a t io n  d eclin e  i s  approxim ately  
1.55% o f  th e  in i t ia l  o i l  s a tu r a t io n  per time s te p  as  
shown in  F igure 6.5 and Table 6 .7A.
Table 6.7B shows th e  th e  a b so lu te  v a lu e s  o f  o i l  
s a tu r a t io n  d iffe r e n c e  c a u se  by th e  v a r ia tio n  o f  d e lta  
time. T hese v a lu e s  range from 0.0 to  0 .0075, which 
c le a r ly  d em on stra te  th a t  th e  e f f e c t  o f  la rg e  d e lta  
time on o i l  sa tu r a t io n  i s  dim inutive.
1 4 0
TABLE 6.7B-EFFECT OF DELTA TIME ON OIL SATURATION
20 3010 15





EFFECT OF D E L T A  T I M E  ON OIL S A T U R A T I O N
H
«  0 .8 1  -
0.8  -
■  D T -5 A D T -2 0
+  D T -IO ♦ D T - IS
X D T -3 0
T IM E , DAY
FIGURE 6 . 5  EFFECT OF DELTA TIME ON OIL SATURATION
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C - W a te r  S a t u r a t i o n
TABLE 6.8A-WATER SATURATION
25 3020





The w ell model o u tp u t o f  th e  sim ulator, s e e  Appendix 
D, shows th a t  w ater  production  r a te  i s  only 1 b a rre l  
p er day. Hence, th e  w ater s a tu r a t io n  i s  n o t ex p ected  
to  show any s ig n if ic a n t  d eclin e.
At dt= 5 th e  w ater s a tu r a t io n  ex h ib its  a d ec lin e  o f  
only 0.025% r e la t iv e  to  th e  in i t ia l  w ater s a tu r a t io n  
a s  shown in  Table 6 .8 A and Figure 6 .6 . F igure 6 . 6  
shows h igher d e lta  tim es do n o t r e f le c t  th e  same 
tren d  o f  p red ictio n .
1 4 2
TABLE 6 .8 B- EFFECT OF DELTA TIME ON WATER
SATURATION
20 30





EFFECT OF D E LT A TIME



























The la r g e s t  r e la t iv e  change in  phase s a tu r a t io n s  
o ccu rs in  th e  g a s  phase.
The in c r e a s in g  g a s  s a tu r a t io n  tren d , shown in  F igure  
6.7 , r e f l e c t  th e  ev o lv e d  g as d is s o lu tio n  due to  
declin in g  r e s e r v o ir  p r e s su r e . The a verage  increm ent in  
th e  g a s  s a tu r a t io n  in c r e a s e s  by approxim ately 17% o f  
th e  in i t ia l  g a s  s a tu r a t io n  per time s tep .
1 4 4
TABLE 6.9B-EFFECT OF DELTA TIME ON GAS
SATURATIONE
10 20 30





EFFECT OF D E L T A T I M E  ON G A S  S A T U R A T I O N
O 1 9W. I t
■
■  D T -3  A D T -20
O . t l  - 4  D T -1 0  O DT= 13 ■
X D T -30
O .l - ■ *
K2 ■




“  0 .0 0  -
o ■ A
0 .0 7  - A■
♦
0 .0 4  -
A n«t .W.UJ k 1 i 1 i k "  I
9\ 13 23 33 43
T IM t. DAT
FIGURE 6 . 7  THE EFFECT OF DELTA TIME ON GAS SATURATION
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If  a com parison i s  made betw een  th e  p red ic ted  erro r  
in  th e  M ateria l Balance and sa tu r a tio n , th u s i t  i s  
apparent th a t  th e r e  i s  a p o s it iv e  c o r r e la t io n  e f f e c t  
betw een  th e  two q u a n tit ie s .
The v a r ia t io n  o f  s a tu r a t io n  i s  c a lc u la te d  a s  fo llow s:
Where T  i s  r e p r e se n tin g  a tim e s te p  number.
F igu res 6 . 8  and 6.9 i l lu s t r a t e  th is  r e la t io n , where th e  
v a r ia t io n  o f  sa tu r a t io n  a g a in st  time fo r  dt= 5, i s  
shown in  F igure 6 .8 . The corresponding v a r ia t io n  o f  
m ateria l b alance e r r o r  v e r s u s  time i s  shown in  Figure 
6.9. The m ost l ik e ly  c a u se  o f  th is  e f f e c t  i s  th e  
e x p lic it  tr ea tm en t o f  s a tu r a t io n  in  th e  model.
1 4 6
V A R I A T I O N  OF S A T U R A T I O N
W IT H  T I M E17












FIGURE 6.8 VARIATION OF PHASE SATURATION WITH TIME
V A R I A T I O N  OF M A T E R I A L  B A L A N C E  ERROR
WITH TI ME0.0034
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>  0.0016 -






S 15 25 36
TIME. DAY
FIGURE 6 . 9  VARIATION OF MATERIAL BALANCES WITH TIME
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G enerally , th e  IMPES method o f  so lu t io n  fo r  an 
iso th erm a l r e s e r v o ir  i s  s a t is fa c t o r y .  However, la rg e  
changes in  s a tu r a t io n , such th e  17% change p er time 
s te p  p red ic ted  p r e v io u s ly  fo r  th e  g as sa tu r a tio n , 
could in e v ita b ly  g iv e  a r is e  to  a v ery  la rg e  e rro r  in  
th e  m ateria l b a lan ce, with con seq u en t num erical 
in s ta b i l i ty  problems.
As Tables 6.3B-9B p r e v io u s ly , a d e lta  time o f  5 days  
y ie ld s  th e  sm a lle s t  m ater ia l balance erro r  and 
maximum s ta b i l i ty .  A ccordingly, dt= 5 days i s  s e le c te d  
fo r  th e  fo llow ing sim u lator runs. I t  should be n o ticed  
, how ever, th a t  la r g e r  d e lta  tim es s t i l l  produce  
r e s u lt s  within an a ccep ta b le  to le r a n c e  le v e l.
Case- 2 . Water Flood
This sim ulation  run i s  d esign ed  to  p red ic t  th e  
behavior o f  a w ater f lo o d  fo r  a rec ta n g le -sh a p e d  
r e s e r v o ir ,  which has fo u r  corn er prod u cers and a 
c e n te r a l in je c to r  (Figuer 6.10). Well d a ta  fo r  th is  c a s e  
are  shown in Table 6.10A, o th er  d ata  req u ired  are  
given  in  Appendix C.
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TABLE 6.10A- CASE 3 WELL INPOT DATA
WELL
NO.
TIME (D) I LOCATION RATE (BBL/D)
START END | I J | OIL WATER GAS |
1 0 . 0 40.0 1 2 -5 0 .0 0 . 0 0 . 0  I
2 0 . 0 40.0 1 5 -5 0 .0 0 . 0 0 . 0  I
3 0 . 0 40.0 3 3 0 . 0 2 0 0 . 0 0 . 0  I
I 4 0 . 0 40.0 5 1 -5 0 .0 0 . 0 0 . 0  1
5 0 . 0 40.0 5 5 -5 0 .0 0 . 0 0 . 0  I
P art o f  th e  s im u lator o u tp u t a t  tim e 10 and 20 days  
i s  showen below. The com plete o u tp u t i s  l i s t e d  in  
Appendix D.
PRODUCTION DATA AFTER 2 TIME STEPS 
TIME = 10.00 DAYS
***OIL PRESSURE DISTRIBUTION ****
j = 1 2 3 4 5
1 = 1 1894.44 1897.59 1898.77 1897.59 1894.44
j|^  j|^
1 = 2 1B97.59 1899.25 1900.81 1899.25 1897.59
1 = 3 1898.76 1900.81 1906.46
A A A A A A A
1900.81 189B.76
1 = 4 1897.59 1899.25 1900.81 1899.25 1897.59
1 = 5 1894.44 1897.59 1898.77 1897.59 1894.44
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*** OIL SATURATION ARRAY ****
j = 1 2 3 4 5
1= 1 0.5483 0.5493 0.5495 0.5493 0.5483
1= 2 0.5493 0.5498 0.5501 0.5498 0.5493
1= 3 0.5495 0.5501 0.5181
A A A
0.5501 0.5495
1= 4 0.5493 0.5498 0.5501 0.5498 0.5493
1= 5 0.5483 0.5493 0.5495 0.5493 0.5483
*** WATER SATURATION ARRAY ****
j = 1 2 3 4 5
1= 1 0.4000 0.4000 0.4000 0.4000 0.4000
1= 2 0.4000 0.4000 0.4001 0.4000 0.4000
1= 3 0.4000 0.4001 0.4354
A A A A A A A
0.4001 0.4000
1= 4 0.4000 0.4000 0.4001 0.4000 0.4000
1= 5 0.4000
$ 3|C ]|( $ ](
0.4000 0.4000 0.4000 0.4000
#** GAS SATURATION ARRAY #***
j = 1 2 3 4 ' 5
1= 1 0.0517 0.0507 0.0505 0.0507 0.0517
1= 2 0.0507 0.0502 0.0499 0.0502 0.0507
1= 3 0.0505 0.0499 0.0465
A A A A A A
0.0499 0.0505
1= 4 0.0507 0.0502 0.0499 0.0502 0.0507
1= 5 0.0517 0.0507 0.0505 0.0507 0.0517
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**** WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 -50.0 -1.1 -766.1 15.3212
5 1 -50.0 -1.1 -766.1 15.3212
1 5 -50.0 -1. 1 -766.1 15.3212
5 5 -50.0 -1. 1 -766.1 15.3212
3 3 0.0 200.0 0.0 0.0000
OIL MATERIAL BALANCE = 1.0000 
WATER MATERIAL BALANCE = 1.0000 
GAS MATERIAL BALANCE = 0.9972
PRESSURE AVERAGE = 1898.4 PSI 
OIL SATURATION AVERAGE = 0.5481 
WATER SATURATION AVERAGE = 0.4014 
GAS SATURATION AVERAGE = .0505 
TEMPERATURE AVERAGE = 100.00 F 





DATA AFTER 4 TIME STEPS 
20.00 DAYS
PRESSURE DISTR .BUTION ****
J = 1 2 3 4 5
1 = 1 1892.66 1895.92 1897.15 1895.92 1892.66
1 = 2 1895.92 1897.68 1899.31 1897.68 1895.92
1 = 3 1897.15 1899.30 1906.01
A A A A A A A
1899.30 1897.15
1 = 4 1895.92 1897.68 1899.31 1897.68 1895.92







j = 1 2 3 4 5
1 = 1 0.5477 0.5488 0.5490 0.5488 0.5477
1 = 2 0.5488 0.5493 0.5492 0.5493 0.5488
1 = 3 0.5490 0.5493 0.4848
A A A A A A A
0.5493 0.5490
1 = 4 0.5488 0.5493 0.5492 0.5493 0.5488
1 = 5 0.5477
*#*
0.5488 0.5490 0.5488 
WATER SATURATION ARRAY ****
0.5477
j = 1 2 3 4 5
1 = 1 0.4000 0.4000 0.4000 0.4000 0.4000
1 = 2 0.4000 0.4000 0.4003 0.4000 0.4000
1 = 3 0.4000 0.4003 0.4699
A A A A A A
0.4003 0.4000
1 = 4 0.4000 0.4000 0.4003 0.4000 0.4000
1 = 5 0.4000 0.4000 0.4000 0.4000 0.4000
}j( )|( ]j( )|( )j( }j(
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*** GAS SATURATION ARRAY #*#*
J = 
1 = 1 










































































0 . 0 0 0 0
OIL MATERIAL BALANCE =1.0000 
WATER MATERIAL BALANCE =1.0000 
GAS MATERIAL BALANCE =1.0000
PRESSURE AVERAGE =1896.8 
OIL SATURATION AVERAGE =0.5463 
WATER SATURATION AVERAGE =0.4028 
GAS SATURATION AVERAGE =0.0509 
TEMPERATURE AVERAGE =100.00 
OIL RECOVER/IN THIS TIME STEP =0.1657
153
B ecause o f  th e  sym m etrical n a tu re  o f  th e  r e s e r v o ir  
geom etry, a quadrant r e p r e se n ta t io n  o f  th e  r e s e r v o ir  
resp o n se  i s  u sed  to  r e f l e c t  th e  behavior o f  th e  
r e se r v o ir . R eferrin g  to  Figure 6.10, we draw lin e s  
(o b serv a tio n  s e c t io n )  through s e le c te d  key gr id s ( 
A,B,C,D and E) in  order to  o b serv e  th e  changes o f  
p r e ssu r e  and s a tu r a t io n  in  r e s e r v o ir .
OBSERVATION SECTION


















FIGURE 6.10- SECTION OF OBSERVATION THROUGH KEY GRIDS
(A,B,C,D, AND E)
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The model p red ic tio n s  o f  p r e s su r e  and sa tu r a t io n s  a t  
th e  k ey -g r id s  a re  i l lu s t r a te d  in F igures 6.11 through  
6.14.
P ressu re  D is tr ib u tio n :
In it ia lly , p r e s su r e s  a t  a l l  th e  gr id s are  th e  same and 
equal to  1900.0 p si. As w ater i s  in je c te d  in to  th e  
r e s e r v o ir  th e  p r e s su r e  begins to  r i s e  in th e  in je c to r ,  
and downstream th e  p r e s su r e  d ec lin es  in  th e  d irec tio n  
o f  th e  producing well. At o th er  grid  lo c a t io n  th e  
p r e ssu r e  i s  p ro p o rtio n a l t o  th e  d ista n c e  from th e  
in je c to r  and th e  producer, a s  shown in  Figure 6.11 and 
Table 6.11.
1 5 5
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1H OBSERVATION SECTION (A-E) 
 1
 1 1 1  --------
A B C D E
GRID
FIGURE 6.11 PR ES SU R E DISTRIBUTION
Saturations Distributions:
The in i t ia l  o i l ,  w ater and g a s  sa tu r a t io n s  a re  uniform  
through th e  r e s e r v o ir  a t  so= 0.55, s g -  0.40 and sw= 
0.05 r e s p e c t iv e ly  (Table 6.2B).
As w ater in je c te d  in to  th e  r e s e r v o ir ,  a w ater bank i s  
c r e a te d  downstream in  th e  r e s e r v o ir  le a d s  to  th e  
developm ent o f  an o i l  bank. The o il  bank th u s d r iv es  
o u t th e  g a s  bank ahead o f  it-*. In sp ection  o f  Table 
6.13, and a ls o  th e  tren d s  shown in  Figure 6.13, shows 
a sim ilar p a tte r n  o f  b eh avior p red ic ted  by th e  
sim ulator. Thus, on commencement o f  w ater in je c tio n  
grid  A ex h ib its  an in c r e a s e  in  w ater sa tu r a t io n  (from
0.40 to  0.418), a s  shown in  Figure 6.13 and Table 6.13. 
The in c r e a se  in  w ater s a tu r a t io n  c a u s e s  a sharp  
d e c r e a se  in  o i l  and g a s  s a tu r a t io n s  a t  grid  A, which 
i s  shown in  F igu res 6.12-14 and Tables 6.12 and 6.14.
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0.5348 0.5498 0.55 0.540.5503
0.5495 0.5498 0.548310 0.5181 0.5501
0.547720 0 .5493 0.549 0.54930.4848
0.5483 0.5488 0.547230 0.4526 0.5481
0.4219 0.5478 0.5484 0.546740 0.5466
OIL S A T U R A T I O N  D I S T R I B U T I O N
IN THE OBSERVATION SECTION (A -E )
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FIGURE 6.12 OIL SATURATION DISTRIBUTION
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The high v a lu e s  o f  g a s  s a tu r a t io n s  a t  gr id s B, C, and 
D are  ca u sed  by th e  g as bank advancing ahead o f  o il  
and w ater  banks, due to  th e  higher g a s  m obility r a t io  
(g a s-w a ter ), This i s  e s p e c ia lly  ev id en t a t  tim es 5,10 
and 2 0  d ays.
D isso lu tio n  o f  d is so lv e d  g a s , a s  th e  p r e ssu r e  d ec lin es  
through th e  r e s e r v o ir ,  c a u s e s  an in c r e a se  in  th e  
G as-O il r a t io ,  g iv in g  r i s e  to  th e  in c r e a se  gas  
s a tu r a t io n  a t  30 and 40 days.
In co n seq u en ce , th e  advancing g a s  fr o n t  r e s t r i c t s  o il  
movement, a s  w itn e sse d  by th e  v ery  sm all changes in  
o il  s a tu r a t io n  occu rrin g  a t  gr id s lo c a t io n s  B,C, and D.




A B C D E
TIME I
5 0.4178 0.4 0.4 0.4 0.4
-
0 .4354 0.4001 0.4 0.4 0.4
I on 1 
1 1 0.4699 0.4003 0.4 0.4 0.4
I 30 1 0.5035 0.4008 0.4 0.4 0.41
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FIGURE 6.13 WATER SATURATION DISTRIBUTION
Grid E i s  a so u rce  grid, so  the red u ction  in o il
sa tu r a tio n  i s  cau sed  by o il  production. Table 6.14
shows th a t  grid E has th e h ig h est gas sa tu ra tio n . 
This high gas sa tu r a tio n  i s  caused  by red u ction  in in 
p ressu re  below th e grid in it ia l  p r e ssu r e  as shown in 
Figure 6.11, a higher g a s - o i l  r a t io  i s  produce due to
gas d isso lu tio n . This i s  th e main rea so n  fo r  the
in cr ea se  in gas sa tu ra tio n  a t  grid E.
1 6 0
TABLE 6.14- GAS SATURATION FOR KEY GRIDS
KEY
GRIDS
A B C D E
TIME
5 0.0474 0.0497 0.0502 0.05 0.05131
10 0.0465 0.0499 0.0505 0.0507 0.0517
2 0 0.0452 0.0504 0.051 0.0507 0.0523
30 0.0439 0.051 0.0516 0.0512 0.0528
40 0.0426 0.0517 0.0522 0.0516 0.0533
G A S  S A T U R A T I O N  D I S T R I B U T I O N
IN THE OBSERVATION SECTION (A -E )
0 .0 6 4
0 .0S 3 -
0.0S2 -
TIME0.061 -
U. 0 .0 6
0 .0 4 9  -
H  0 .0 4 8  -
Of 0 .0 4 7  -
0 .0 4 6  -
0 .0 4 4  - 30 30
0 .0 4 3  - 40
0 .042
E
G R I D
FIGURE 6.14 GAS SATURATION DISTRIBUTION
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E x ce llen t m ateria l balance r e s u lt s  a re  obtained  
through th e  run. with zero  o i l  m ater ia l balance erro , 
and only 0.00003 erro r  in  th e  w ater m ateria l balance. 
The maximum m ateria l balance er ro r  occured  fo r  th e  
g a s  ph ase but was s t i l l  a ccep ta b le  a t  0.003 ( Figure 
6.15). In th is  c a s e  a lso , th e  er ro r  i s  a f fe c t e d  by th e  
v a r ia t io n  in  th e  phase sa tu r a t io n .
I TABLE 6.15- MATERIAL BALANCE




1 5 1 1 . 0 0 0 1 1.00351
1 10 1 1 0.9972
20 1 1 1
30 1 1 1
40 1 1
1 6 2
M A T E R I A L  B A L A N C E
FOR OIL.  W A T E R  AND C A S
1.004
a  OIL MB.
+  W ATE R ME 
O C A S  MB.
1 .003  -
M 1002 - O 
2 
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FIGURE 6.15 MATERIAL BALANCE
6.2 .2  Thermal Model
C a se -  4 Steam in j e c t io n
The sq u a re  r e s e r v o ir  co n f ig u ra t io n  i s  u sed  in th i s  
run. The inp ut d a ta  a re  g iv en  in Appendix C.
In th e  i n i t i a l  work by Abdalla and c o a t s   ^ on a s im ilar  
problem, t h e r e  was good agreem ent b etw een  th e  
exp erim en ta l r e s u l t s  and th e  s im ulator  p red ic t ion .  
However, some doubt was e x p r e s s e d  concerning th e  
a c cu ra c y  o f  th e  h e a t  balance. I t  i s  im portant t o
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understan d  t h a t  th e  h e a t  balance i s  n o t  u t i l iz e d  as  
th e  means f o r  checking th e  con vergen ce  o f  th e  
so lu t io n .
In th is  work, th e  m a ter ia l  balance and h e a t  balance  
a re  u sed  a s  th e  f in a l  checking con d it ion  fo r  s o lu t io n  
co n v erg en ce , b e c a u s e  c o r r e c t  p r e s s u r e ,  s a tu r a t io n ,  
and tem p era tu re  d is t r ib u t io n s  are  n e c e s s a r y  p r e re q u i­
s i t e s  t o  o b ta in  a c c u r a t e  mass and h e a t  balance  
v a lu e s ,  a s  w ell a s  t o  maintain th e  model s t a b i l i t y .
The r e s u l t in g  tem p era tu re  d is tr ib u t io n  along th e  
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FIGURE 6 . 1 6  TEMPERATURE DISTRIBUTION




Although th e  tem p eratu re p r o f ile  obtained  was ty p ic a l  
o f  th e  fo r  steam ed zone tem p eratu re, th e  so lu t io n  
method s u ffe r e d  from s e v e r a l  d i f f ic u lt ie s .  The method 
did n o t g e n er a lly  provide a s a t i s fa c t o r y  h e a t balance. 
In many in s ta n c e s  th e  i t e r a t io n  method do n ot  
con verge, ev en  a f t e r  a la r g e  number o f  i t e r a t io n s .
In s p ite  o f  a ttem p ts  o f  usin g  v a r io u s grid  s iz e s  and 
d e lta  tim es to  s ta b il iz e  th e  model, th e  r e s u lta n t  h e a t  
balance e r r o r s  were s t i l l  unacceptab ly  high. When 
using a sm all grid  s iz e  th e  e rro r  incurred  may impute 
a more rapid change in  tr a n sm iss ib ility  betw een two 
a d jacen t gr id s. The IMPES method cannot handle th is  
s u f f ic ie n t ly  w ell b eca u se  o f  th e  ex p lic it  trea tm en t o f  
sa tu r a tio n .
In g en era l th e  in s t a b i l i ty  in  th e  ca lcu la tio n  method i s  
a ttr ib u te d  to  th e  e x p lic it  trea tm en t o f  s a tu r a t io n  
and con d en sa tion  term s. In turn , e x p lic it  s a tu r a t io n  
c o n tr ib u te s  g r e a t ly  to  th e  erro r  in  th e  com putation  
o f  tr a n sm iss ib ility  and so u r ce  term s.
There are  two p o ss ib le  c a u s e s  o f  in s ta b i l i ty  in  th e  
model due to  th e  u se  o f  th e  IMPES method.
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The f i r s t  r i s e s  from th e  method o f  trea tm en t o f  
primary v a r ia b le s . The IMPES method t r e a t s  the  
p r e s su r e  im p lic itly , and i t  i s  th e r fo r  unconditionally  
s ta b le . However, th e  e x p lic it  trea tm en t o f  sa tu r a tio n  
in tro d u c e s  an in s ta b i l i ty  con d ition s.
This i s  ca rr ie d  o v er  to  th e  en ergy eq u ation  (4.10a) by 
th e  v e lo c i t ie s  in  th e  co n v ec tio n  term s. The magnitude 
o f  th e  in s t a b i l i ty  i s  fu r th e r  a lso  in cr ea se d  by the  
sa tu r a t io n  term s in  th e  included on th e  r ig h t hand 
s id e  o f  Equation (4.10a).
The secon d  so u r ce  o f  in s t a b i l i t  i s  in tro d u ce  by th e  
e x p lic it  trea tm en t o f  th e  nonlinear term s, such as  
tr a n sm iss ib ility , ca p illa ry  p r e s su r e , r e la t iv e  perme­
a b ility , and o th er  r e s e r v o ir  p r o p e r t ie s . These  
v a r ia b le s  a re  fu n c tio n s  o f  p ressu re ,tem p era tu re  and 
sa tu r a t io n  and o th er  com bination e f f e c t  o f  th e se .  
V ariables th a t  depend on th e  sa tu r a tio n , fo r  example, 
r e la t iv e  perm eablity  and ca p illa ry  p r e s su r e , have a 
str o n g e r  n o n lin ea r ity  e f f e c t  than p r e s su r e  or 
tem p eratu re dependent v a r ia b le s .
1 6 6
6.3 Conclusions
1. 2-D IMPES model which has been d eveloped  can
e f f ic ie n t ly  sim u late th e  flow o f  o il, w ater, and 
g a s  in an iso th erm a l r e s e r v o ir , under d if fe r e n t  
prod u ction  and in je c t io n  con d ition s.
2. For th e  iso th erm a l flow  o f  f lu id  th e  an
a c cep ta b le  l e v e l  o f  so lu t io n  accu racy  i s
a ch ieved  by th e  IMPES method when r e la t iv e ly  
la r g e  tim e increm ent are  used. However, th e  u se  
o f  sm aller time increm ent can appreciably
improved th e  so lu t io n  accuracy.
3. The er ro r  in th e  m ateria l balance com putation
from th e  model shows a p o s it iv e  c o r r e la t io n  
e f f e c t  with v a r ia t io n  o f  s a tu r a t io n  with time. 
I f  th e  r a te  o f  change o f  phase sa tu r a tio n  
becom es s u f f ic ie n t ly  high, due to  high m obility  
o f  a p h ase or th e  u se  o f sm all grid  s iz e , then  
th e  m a teria l balance erro r  i s  g r e a t ly  in crea sed .
4. The IMPES method d o es  n ot provide e f f ic ie n t ly
ad eq u ate  method fo r  so lv in g  th e  energy
eq u ation , and co n seq u en tly  a la rg e  erro r  in  th e  
h e a t  balance i s  g en era ted . This i s  a ttr ib u te d  
mainly to  th e  e x p lic it  trea tm en t o f  phase
167
s a tu r a t io n , on which c a lc u la t io n  o f  o th e r  
t r a n s p o r t  e f f e c t  depend s. S t a b i l i t y  fu r th e r  
d e t e r io r a t e s  when em ploying a non-un iform  gr id  
c o n fig u r a t io n .
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CHAPTER SEVEN  
SUGGESTIONS FOR FUTURE WORK
The q u a lity  o f  a s im u la tio n  m odel depends on tw o a r e a s ,  
th e  a p p lic a tio n  o f  tr a n s fo r m a tio n  m ethod, which tra n sfo rm s  
a d i f f e r e n t ia l  e q u a t io n s  in t o  f in i t e  a lg e b r a ic  form , and th e  
u t i l iz a t io n  o f  a d ig i ta l  com puter (Hardware and S oftw are)  
t o  s o lv e  t h e s e  a lg e b r a ic  e q u a t io n s . A ccordingly  th e  
fo llo w in g  s u g g e s t io n s  and recom m endations a r e  b a sed  on 
th e  two a r e a s :
7.1 Transformation Method
The major s o u r c e s  o f  in s t a b i l i t y  in  th e  p r e v io u s  method  
i s  th e  e x p lic it  c a lc u la t io n  o f  s a tu r a t io n  term . To 
e lim in a te  t h is  c a u s e  th e  fo llo w in g  fo rm u la tio n  shou ld  be 
used:-* *
QLL phase
. T ran sform ation  Method
. C om putation
( 7 . 1 a )
17 0
Water and S te m  Phases:.
A T „ ( A P „ - y a A Z )  +  A T . ( A P , - y , A Z ) + q „ + q ' = j ; A , ( ^ + ' ^ j f ) l b )
Energy Equation
The p a r t ia l  d i f f e r e n t ia l  e q u a tio n  fo r  en erg y  c o n s e r v a ­
t io n  i s  approxim ated  in  f in i t e  d if fe r e n c e  form as:
A T , H , ( A P . - y , A Z )  + A T wH a{ A P al- y wAZ)  + A T , H , ( A P , - y llA Z ) + 
A ( K KA A T ) x + A ( K hA A T ) y + A ( K hA A T ) x + q u - q u -
(4.10a)
Where e q u a t io n s  7.1 a re  s u b j e c t  t o  s a tu r a t io n , c a p illa r y  
p r e s s u r e s ,  and c o n s ta n t  p ro d u ctio n  c o n s tr a in s . The 
d is t r ib u t io n s  o f  p r e s s u r e ,  s a tu r a t io n  and te m p era tu re  
a r e  o b ta in e d  by so lv in g  e q u a t io n s  7.1 s im u lta n e o u s ly  
u s in g  d ir e c t  or  i t e r a t i v e  m ethods.
F u rth er  th e  m ethod r e q u ir e s  8 IJ 2 s to r a g e  a r e a  ( ab o u t  
4 tim es  more th an  IMPES method) a s  w ell a s ,  c (IJ3 + 8 IJ3> 
more o f  com puter work p er  s t e p  which i s  a b o u t 9 tim es  
more o f  IMPES method.
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SEQ m ethod r e q u ir e s  e q u iv a le n t  s p e c if ic a t io n  o f  s to r a g e  
and work, b u t i t  s u f f e r s  from lim ita t io n  in  th e  
c a lc u la t io n  o f  m a ter ia l b a la n ce  e r r o r  o f  th e  n o n -w ettin g  
p h a se . The e r r o r  i s  p r o p o r tio n a l t o  th e  a r e a l  v a r ia t io n  
o f  Bw/Bn, where i t  can  v e r y  la r g e  in  c a s e  o f  g a s -w a te r  
sy ste m .
7.2 Computation:
U n til now, a lm o st a l l  th e  la r g e  s im u la tio n  s t u d ie s  w ere  
d e v e lo p e d , t e s t e d  and con d u cted  e x c lu s iv e ly  on mainframe 
or m inicom puters. b e c a u s e  o f  sp e ed  and memory 
l im ita t io n s  o f  m icro -com p u ters. H owever, th e  new 
g e n e r a t io n  o f  m icro-com p u ter , b a sed  on 3 2 - b i t  p r o c e s ­
s o r ,  in c lu d e s  num erous m o d ifica tio n s  and im provem ents  
o v e r  th e  e a r l ie r  g e n e r a t io n .
We s u g g e s t  d es ig n in g  s im u la to r  w o r k sta tio n  bu ild  around  
3 2 -m icro co m p u ters  lin ked  t o  mainframe or m in i-com puter, 
su ch  p a r a l le l  com puter sy s te m s  would p ro v id e  a high ly  
c o s t - e f f e c t i v e  and e f f i c i e n t  a l t e r n a t iv e ,  a s  w e ll a s ,  an 
e x c e l le n t  environm ent f o r  d ev e lo p in g  and t e s t in g  
s im u la to r  m odels.
Any p ro p o sed  a lg o r ith m s, or  d ig i ta l  com puter sy ste m  
d e s ig n  upon th e  tr e a tm e n t  o f  p a r t ia l  d i f f e r e n t ia l  
e q u a t io n s , m ust be ca p a b le  o f  perform ing th e  fo llo w in g  
fu n c t io n s
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1. The a c c e p ta n c e  o f  in p u t d a ta , in c lu d e  num erical
in fo rm a tio n  a s  w e ll a s  cod ed  in s tr u c t io n .
2. The s to r a g e  o f  th e  in p u t d a ta , a s  w e ll a s ,  d a ta
g e n e r a te d  in  th e  c o u r s e  o f  th e  c a lc u la t io n s .
3. The ch an n elin g  and d ir e c t in g , w ith in  th e
com pu ter, fo r  d a ta  in  su ch  a manner t h a t  th e  
p rop er  c a lc u la t io n s  a r e  preform ed in  seq u en ce  
s p e c if ie d  by th e  programme.
4. The p erform ance o f  a l l  r eq u ired  a r ith m etic  and
lo g ic a l  o p e r a t io n s .
5. The r e a d o u t  o f  th e  s o lu t io n  o f  th e  problem  in
s p e c if ie d  form at.
The f i r s t  modern e le c t r o n ic  d ig i t a l  com puter ap p eared  in  
th e  l a t e  1940s and e a r ly  19 5 0 s. The Van Newmenn 
a r c h ite c tu r e  was q u ick ly  a d o p ted  a s  th e  r e s u l t  o f  th e  
c o n s tr a in s  im posed by th e  th e n -a v a i la b le  e le c t r o n ic s  
tech n o lo g y . I t  was n o t  u n t i l  th e  mid 1970s t h a t  th e r e  
app eared  c l a s s e s  o f  d ig i t a l  com p u ters t h a t  d if f e r e d  from  
th e  Van Neumann a r c h ite c t u r e .  Of p a r t ic u la r  im p ortance  
in  t h is  c o n n e c tio n  was th e  in tr o d u c t io n  o f  th e  
te c h n iq u e s  o f  m u lt ip r o c e ss in g  and th e  p ip e lin in g  in  
d ig i ta l  com puter sy ste m  d esig n .
The p r o s p e c t  o f  in te r c o n n e c t  in e x p e n s iv e  m icrocom puter  
so  a s  t o  a c h ie v e  p a r a lle lism  h a s  b een  a ta n ta liz in g
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a n t ic ip a t io n  fo r  many y e a r s 4. With th e  in c r e a s in g  
a v a ila b il i ty  o f  f a s t e r  and la r g e r  memory 8 0 3 8 6 -b a se d  
m icrocom puter, and th e  in tr o d u c t io n  o f  T ra n sp u te r s  (from  
Thorn EMI, B r itish ), i t  becom es f e a s ib le  t o  co n tem p la te
i
th e  in s tr u c t io n  o f  m u lt ip r o c e ss in g  com puting sy ste m . The 
key i s  th e  c o n fig u r a t io n  o f  th e  T ra n sp u ter . Each 
tr a n s p u te r  c a r r ie s  fo u r  s e r ia l  lin k s , which when p lugged  
in to  o th e r  tr a n s p u te r , a llo w s i t  t o  be a ssem b led  in to  
i t s  to p o lo g y . This p r o c e s s  a c h ie v e s  high com puting sp eed  
and memory n eed ed  in  th e  tr e a tm e n t  o f  f lu id  and en erg y  
p a r t ia l  d i f f e r e n t ia l  eq u a tio n  by f in i t e  d if fe r e n c e  method
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A P P E N D X  X  A
IMPES METHOD
IMPES Method
This m ethod f i r s t  p ro p o sed  by Sheldon e t  a l J, and S to n e  
and Gardner^. The IMPES m eth od 5, 4  u t i l i s e  c a p illa r y  
p r e s s u r e  and s a t u r a t io n  e q u a t io n s  t o  o b ta in  one 
m u ltip h ase  s in g le  p r e s s u r e  e q u a tio n  from th e  fo llo w in g  
t h r e e  s in g le -p h a s e  e q u a t io n s .
o i l  p h a se  :
( / - I )
w a ter  p h a se  :
g a s  p h a se  :
A T a[ A P , - y 0AZ) + A T -  y 0zlZ) + 
A T wR ew( APw- y wAZ) + ( q g+ g 0Rso + g wRsw)
(>4-3)
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C a p illa ry  term s
Pm -P.-P. M - 4 )
p „ - p . + p , (/i-5)
where P c in  e q u a t io n s  (A -4) and (A -5) r e p r e s e n t s  c a p illa r y
p r e s s u r e  o f  w a t e r - o i l  and g a s - o i l  sy s te m  r e s p e c t iv e ly .
The R.H.S o f  e q u a t io n s  (A -l) and (A -2) can  be expanded as:
Where
f_LV 4i)
\ B , j  d P ,
dP,
The R.H.S o f  e q u a tio n  ( 4.1c ) can  be d iv id ed  in to  th r e e  
p a r t s  . t h e s e  p a r t s  a r e  :
( * S A
T t A { T 7 )  p a r t  1
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V t  . ( t S . R ,
At
part  2
] /  b . (  $  $  w B-ew
At  \  B w t
part  3
L e t u s  lo o k  a t  ea ch  p a r t  in d iv id u a lly  :
P a r t  1 :
At  \  B
<t>SA V * .
J~ A*
['
n+1 <t> A t ( P 0 ) } ( A - 7 )
P a r t  2 :
P a r t  3 :
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M ultip lying th e  o i l  e q u a tio n  by l a . t h e  w a ter  eq u a tio n  
by (a.+ th e  g a s  e q u a tio n  by a;° , s u b s t i t u t e  pw and
p g  by E q u ation s (A-4) and (A-5). Adding t h e s e  to g e th e r  we 
o b ta in  th e  fo llo w in g  IMPES e q u a tio n  :
( B . - B . R , . ) ' " U T . ( A P . - 1 . A Z )  + ' , . ) * { B . - B , R „ Y " [ A T . ( A P . - A P „ - y . A Z ) + q . y  
[B , Y ' l [ A T  , { A P . ~  A P  c, - y  „ A Z ) *  A[T  . R „ { A P . - y  .A Z } ] *  
a [t „ R „ ( ,A P w-  A P y mAZ) ] + {q t, + g . / l , . +  q „ R „ ) m
- ^ t [ ( C 1o + C2o + C 1u<+C2u )+ C ,g  + ^ ' ) j t/a„ + (C 1ui+C2to+C,£; + ( 5 „ ) ^ ' ) j , / >t<<,+ 
{ c t g * S , t ) A P „ ]  (yl-10)
Where th e  c o e f f i c i e n t s  C are:
c2-(s ,r (^ J”W
f = o , w , g
f = o, w
The r e s u l t in g  E quation  (A-10) c o n ta in s  on ly  o i l  p r e s s u r e ,  
c a p il la r y  p r e s s u r e ,  and h y d r o s ta t ic  head term s. The 
e q u a tio n  can  be w r it te n  a s
Where T i s  th e  tr a n s m is s ib i l i t y  m atrix, D i s  th e  
a ccu m u la tion  m atrix, G i s  th e  g r a v ity  and c a p illa r y  v e c t o r ,  
and Q i s  th e  s o u r c e  v e c t o r .
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I f  th e  IMPES e q u a t io n  i s  w r it te n  fo r  a l l  g r id s  in  th e  x -y  
d ir e c t io n s  , w here th e  s ta n d a rd  o rd erin g  sy s te m  i s  u se d  , 
th e  fo llo w in g  p e n ta d ia g o n a l m atrix  form i s  o b ta in ed  :
A fte r  s o lv in g  th e  m atrix  by th e  u s e  o f  d ir e c t  or  i t e r a t i v e  
a lg o r ith m s, e .g ., G a u ssia n  e lim in a tio n , ADIP, th e  new 
p r e s s u r e s  d is t r ib u t io n  i s  o b ta in ed , th e  o i l  and w a ter  
s a t u r a t io n s  a r e  com puted e x p l ic i t ly  by s u b s t i t u t in g  th e  
c a lc u la te d  p r e s s u r e  in  E q u a tio n a s (A -l) and (A -2). Where 
th e  g a s  s a t u r a t io n  i s  c a lc u la te d  by th e  fo llo w in g  
e q u a tio n
s y 1 -  l - ^ r - s r



















n = n + 1
UPDATA 
INPUT DATA
FIGURE A -l IMPES METHOD SUMMARY
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APPENDX X O 
COMPUTATIONAL LINEAR ALGEBRA
The tr a n s fo r m a tio n  o f  f lu id  and en erg y  p a r t ia l  d i f f e r e n t ia l  
e q u a t io n s  in t o  f in i t e  d if fe r e n c e  form le a d s  t o  la r g e  
s y s te m s  o f  s im u lta n eo u s  e q u a t io n s . T h ese  e q u a t io n s  may be 
w r it te n  as:
~Au = d  ( B -  1)
Where:
u = r e p r e s e n t s  th e  unknown v e c t o r  (fo r  example
p r e s s u r e ,  s a tu r a t io n , or  te m p era tu re
zf = c o e f f i c i e n t  m atrix
d = r ig h t  h a n d -s id e  v e c t o r
The p r o p e r t ie s  o f  c o e f f i c i e n t  m atrix  A depend n o t  on ly  on
th e  n a tu r e  o f  th e  problem  in v o lv e s  or  on th e  p a r t ia l  
d i f f e r e n t ia l  e q u a t io n s  and a ssu m p tio n s  u se d  t o  r e p r e s e n t  
th e  problem  m ath em atica lly  b u t a ls o  by th e  d is c r e t iz a t io n  
p ro ced u re  u s e d  t o  r e p r e s e n t  th e  p a r t ia l  d i f f e r e n t ia l  
e q u a t io n s .
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In our s o lu t io n  A ta k e s  a s p a r s e  band m atrix form , where 
i t s  e lem en ts  a r e  r e a l  numbers. More s p e c i f ic ,  m atrix A h as  
tr id ia g o n a l form fo r  o n e -d im en sio n a l gr id  a s  shown in  
F igure B -l.
Z =  . . .
\  a  u  b u J
FIGURE B -l TRIDIAGONAL MATRIX
, or p en ta d ia g o n a l fo r  tw o -d im en sio n a l sy ste m  a s  shown in  
Figure B-2.
f
b  i c i / 1
a 2 h 2 c 2 f  ■ \
e, a 4 b 4 c 4 /  4
\ & y -1 a i / - l  Cy_,0 i/ ^  ^  i/ /
FIGURE B -2  PENTADIAGONAL MATRIX
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I t  i s  a l s o  known t h a t  f o r  t h is  ty p e  o f  s o lu t io n  m atrix  A 
i s  c h a r a c t e r is e d  a s  d ia g o n a l dom inate m atrix.
The e f f ic ie n c y  o f  a s im u la to r  depends on th e  i t s  a b il ity  
t o  s o lv e  th e  g e n e r a te d  m a tr ic e s  w ith  minimum com puter  
tim e and s t o r a g e  req u irem en ts . T here a r e  v a s t  a mount o f  
p u b lic a t io n  in  E n gin eering, m ath em atica l, and com puter  
s c ie n c e  f o r  so lv in g  s y s te m s  o f  s im u lta n eo u s  eq u a tio n s . 
E s s e n t ia l ly  a l l  t h e s e  s o lu t io n s  a r e  d iv id ed  in to  two 
d i f f e r e n t  c l a s s e s  o f  m ethods:
I. D ir e c t  Method
II. I t e r a t i v e  m ethod
I-Direct Method
In a d ir e c t  m eth ods, th e  s o lu t io n  o f  a sy ste m  o f  e q u a tio n s  
i s  o b ta in e d  upon th e  com p letion  o f  f ix e d  number o f  s t e p s  
and o p e r a t io n s  t h a t  p red eterm in ed  in  an e x a c t  manner. 
Some exam ple o f  d ir e c t  m ethod are:
. Cramer's r u le  
. G a u ssia n  e lim in a tio n  
. G a u ss-J o rd a n  method
. M atrix. D ecom p osition  (or LU F a c to r iz a tio n )
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i=_ JH Factorisation
Among th e  ab ove  m ethods, LU F a c to r iz a t io n  i s  th e  m ost 
w idely u se d  method in  r e s e r v o ir  sim u la tion . The method  
a ls o  named "Crout r e d u c t io n ” or  ,a f t e r  a n th er  d is c o v e r e r ,  
"Cholesky". The id e a  o f  t h is  m ethod i s  t o  tra n sfo rm  or  
decom posed th e  c o e f f i c i e n t  m atrix  A in to  th e  p ro d u ct o f  
low er tr ia n g u la r  (L) and an upper tr ia n g u la r  m atrix  (U) w ith  
l 's  on i t s  d ia g o n a l a s  shown in  th e  f ig u r e  B-3.
J - L U
0
122 0
FIGURE B -3  L AND U MATRICES
Where 1 and u e lem en ts  a r e  c a lc u la te d  by th e  
fo llo w in g  e q u a tio n s:
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l w " 0 if i < j
u .tf m 0 if
u B -  1 if i - y
e lem en ts  a r e  th en
m -1
t'tm m ® im ^  I'tk.U'km f  Of I ~  TTl, fTl + 1
Jt-1
m  * 1 1 2 1 i n  i n
( 5 - 3 . 1 )
1 f  m ~ l A
tAfltf-i—  a /*/~ Z  for j - m + \ t m  +  2 ....... n
Lmm \  fc-1 /
m  -  1 , 2 , 3 , . . . , / !
( 5 - 3 . 2 )
T here fo r  e q u a tio n  (B -l) can  be w r itte n  a s
L U u - d  ( 5 - 3 . 3 )
i f  we l e t
K - L ' l d  ( 5 - 3 . 4 )
Then th e  s o lu t io n  i s
U . - Y U - 1 ( 5 - 3 . 5 )
Thomas algorithm.
The s p e c ia l  form o f  m atrix a r is in g  from  th e  a p p lic a t io n  o f  
f i n i t e  d if f e r e n c e  eq u a tio n  t o  o n e -d im en sio n a l problem , c a l l  
t r id ia g o n a l m atrix. T rid iagon a l m atrix  h a s n on zero  e lem en ts  
o n ly  on th e  main d ia g o n a l and th e  two a d ja c e n t  t o  th e  main
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d iagon al. The form  o f  t h i s  m atrix  i s  shown ab ove in  f ig u r e  
( ).
The s o lu t io n  o f  Thomas a lgorith m  t o  su ch  m atrix in v o lv e s  
th e  fo llo w in g  s t e p s :
W t - b t -  y <C< 1 w i t h  1 / j = 6 j
W  ( . j
a  (Q i d  i
Q t = d t wi t h Q j . - i
IV t Oi
Back s u b s t i t u t io n  ...
I✓*
( 5 - 4 . 1 )
( 5 - 4 . 2 )
C (LL /*■ j
ti, = Q< — r—^  (fi  -  4 . 3 )
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U n  IteratlYS Method
The i t e r a t i v e  m ethods a r e  an approxim ation  num erical 
m ethods f o r  s o lv in g  sy ste m  o f  e q u a t io n s  h ave th e  form o f  
e q u a tio n  (B -l). The id e a  upon which i t e r a t i v e  m ethods a re  
b a se d  i s  making an in i t i a l  g u e s s  V a s  t o  th e  s o lu t io n s  U. 
T h ese  g u e s s  a r e  th en  s u b s t i t u t e d  in  e q u a tio n  (B -l), 
r e s u l t e d  in  new v a lu e s  o f  U. By r e p e a t in g  t h is  p ro ced u re  
fo r  a s u f f i c i e n t ly  la r g e  number o f  tim e , i t  c o n v e r g e s  t o  
a p r e d e fin e d  t o le r a n c e  and r e s u l t e d  v a lu e s  a r e  a c c e p te d  
a s  th e  s o lu t io n  t o  th e  f in i t e  d if fe r e n c e  e q u a tio n s .  
I t e r a t i v e  m ethods a r e  m ost p op u lar  m ethod u se d  in  
r e s e r v o ir  s im u la tio n , p rim arily  b e c a u s e  th e y  req u ir ed  l e s s  
s to r a g e  th a n  d ir e c t  method.
The s im u la to r  u s e s  th e  fo llo w in g  i t e r a t i v e  m ethods:
1. P o in t S u c c e s s iv e  O v e rr e la x a tio n  (PSOR)
2. Line S u c c e s s iv e  O v e rr e la x a tio n  (LSOR)
3. A lte r n a t iv e  D ir e c tio n  Im p lic it (ADI )
In . Point S uccessive Q yerrel ax a td on method (PSOR)
The PSOR m ethod b eg in  by rea rra n g em en t o f  a f in i t e  
d if fe r e n c e  e q u a t io n s  o f  each  gr id  a s  fo llo w s:
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0  v 38 “ ( ^ v ” e t/U N  ~ a’ifUw CifU £ f  ifU s)
o u
Then 0  r e la x e d  by th e  fo llo w in g  eq u ation :
( 5 - 5 . 2 )
Where:
o> - relaxation parameter 
k - iteration level
This i t e r a t i v e  p r o c e s s  i s  c o n tin u e  u n t i l  th e  fo llo w in g  
co n v e r g e n c e  c o n d it io n  i s  s a t i s f i e d  :
£/*+1- £ / *  = r ( 5 - 5 . 3 )
Line Successive O v e r r e la x a tio n  method. (LS0R1.
This m ethod i s  u s e d  t o  r e la x  one l in e  a t  a tim e, a column 
or row. The m ethod i s  i l lu s t r a t e d  by th e  fo llo w in g  
e q u a tio n s:
Guff  i/  + b u 0 u + c mO f  + "  <iu
( 5 - 6 . 1 )
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Where:
“  d - u  -  e u U u  1 -  /  U U U U kE
( £ - 6 .2)
E quation  (B-6.1) g e n e r a t e  a tr id ia g o n a l m atrix which can  be  
s o lv e d  by Thomas a lgorith m . The v a lu e  o f  0  can  be r e la x e d  
by th e  fo llo w in g  eq u a tio n :
ifelaxation  Earameter.
The s u c c e s s iv e  o v e r r e la x a t io n  (SOR) m ethods e f f ic ie n c y  i s  
s tr o n g ly  d ep en d en t upon th e  s e le c t io n  o f  th e  r e la x a t io n  
p a ra m eter  w.  T h e re fo r  g r e a t  c a r e  sh ou ld  be p la ced  in  th e  
c h o ic e  o f  t h is  p a ra m eter . U n fo r tu n a te ly  th e r e  i s  no  
c e r t a in  way t o  o b ta in  th e  optimum v a lu e  o f  r e la x a t io n  
p a ra m eter  f o r  th e  r e a l  world problem s (Varga show s m ethod  
f o r  c a lc u la t in g  a n a ly t ic a l ly  fo r  some r e g u la r  sh a p e s
boundary). T r ia l-a n d -e r r o r  p ro ced u re  i s  u se d , which in v o lv e  
th e  v a r ia t io n  o f  w  a g a in s t  th e  number o f  i t e r a t io n s  
r e q u ir e d  f o r  c o n v e r g e n c e . The p lo t  o f  t h e s e  d a ta  
g e n e r a t e s  t y p ic a l  sh a p e  a s  shown in  f ig u r e  (B -l). The 
optimum v a lu e  o f  w  i s  lo c a t e d  a t  th e  lo w e s t  p o in t  o f  th e  
cu r v e .
U u ' - U k- w ( O u - U Ku) ( B - 6 . 3 )
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PSOR AND LSOR R E LA X A T IO N  P A R A M E T E R  






1 1.2 1.4 1.6 1.8 2
RELAXATION PA R A M E T E R
FIGURE B-4 PSOR AND LSOR RELAXATION PARAMETER
Generally, th e c lo se r  th e system  to  homogeneous s t a t e  
th e  c lo se r  to  1.0.
jZ=l ALtcm aU m  D irection  Im p lic it (ADI) method
This method i s  in troduced by D. W. Peaceman and H. H. 
Rachford as well as by J. Douglas. The method in v o lv es  
e s s e n t ia lly  one row, X -d irection , ite r a t io n  a t  a time 
so lv in g  fo r  the unknown in th is  d irectio n , follow ed by one 
column, Y -d irection , ite r a t io n  a t  a time so lv in g  fo r  the  
unknown va lu es.
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Y - d l r u c t i o n  i t e r a t i o n
The f in i t e -d if f e r e n c e  eq u ation s are  w ritten  fo r  each  point 
in  th e  row. This procedure g en e r a te  a sim ultaneous lin er  
eq u ation s which a re  o f  a tr id ia g o n a l form. The g en era l 
eq u ation  can be w r itten  as:
cLv(Jw+ b xuO u + c u 0 E -  d xU ( 5 - 7 . 1 )
Where:
+ + ( 5  — 7 . 2 )
d*u ~ d u -  e UU% + \e  ^  + f  % x}U\r -  f  UU% ( 5  — 7 . 3 )
X -  an accelerat ion p a ramet er  ca l culated by Equation (B—11)
f v = the  normal i z ing  paramet er  ca lculated by Equation ( B - 1 3 )
Equation (B-7.1) so lv e d  by Thomas algorithm  and 0 v a lu es
are  obtained.
Y-direction iteration
The g en era l eq u ation  fo r  th e  i t e r a t io n  in  Y -d irec tio n  is:
+  —  ( 5  — 8 . 1 )
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Where b y M  and d y M  are d efin ed  as:
bytfx‘bm + aAr+cif £ j
d yU " d u — a u 0 i /  + [a,u + c u -  f  u t } U u -  c u 0 E
( 5 - 8 . 2 )
( 5 - 8 . 3 )
AJDL Acceleration parameter
ADI A cce lera tio n  p aram eters, to  sp eed -u p  th e  r a te  o f  
con vergen ce, i s  e s tim a ted  by Peaceman-Rachford-* method. 
The method u tiliz e d  in terb lo ck  tr a n sm iss ib ility  and th e  
number o f  c e l l  in  th e  x -  and y -d ir e c t io n  (Nx, Ny) o f  th e  




( 5 - 9 . 2 )
( 5 - 9 . 3 )
2
(5-9.4)
The lower lim it o f  th e  a c c e le r a t io n  param eter i s
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Tm»n = min(A/ltA/3) ( 5 - 9 . 5 )
The upper lim it o f  th e  a c c e le r a t io n  param eter i s
T „ „  = max(W2,W,) (B -  9 .5 )
Bjordammen and C o a ts2 have su g g e ste d  th e  follow ing  
procedure fo r  tw o-d im ensional a r e a l problems.
tmm “ minimum over the grid of
I t it
^max " 1 ( 5 - 1 0 )
Then th e  ADI a c c e le r a t io n  p aram eters are d is tr ib u te d  
g e o m e tr ic a lly3 4 betw een  th e  minimum and maximum v a lu es
a s  :
^  t* 1 _,kx b x r ( B -  11)
Where 'r' is  calculated as follows:
mln ( B-12)
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m = number o f  a c c e le r a t io n  param eters ( 4 or 6 are  
normally u sed  )
ASK. Narmalixine F a cto r
A ccelera tio n  p aram eters must be norm alized to  accou n t fo r  
v a r ia b le  g r id s  s iz e  and d ir e c t io n a l p erm eab ility  . The 
normalizing fa c to r  computed from :
► _ r w q  »
t u  A X „ A Y U
Chk> ' (B- 1 3 .1 )
( £ -  1 3 .2 )
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APPENDX X C 
INPUT DATA
     .......................
TABLE C-l GEOMETRY PROPERTIES
| PARAMERTER NAME RUN:1 RUN:2 RUN:3 RUN:4 j
Block in  x -d ir e c t io n 5 1 5 5
Block in  y -d ir e c t io n 5 3 5 5
Block in  z-d ir e c t io n - - - 5
•
R eserv o ir  th ick n ess 100 40 40 40
Grid len g h t in  x, f t 100 100 200 100
Grid Length in  y , f t 100 100 200 100
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Rock Properteis^
1 TABLE C -2 ROCK PROPERTIES
I PARAMETER NAME VALUE CORRELATION
1 I n it ia l  P o r o s ity , fr a c 0.20
1 Absolute perm eability, dar- 
1 c ie s
0.30
Rock com pressib ility , p s ia -1 1.0x10-4
R esidual o i l  s a tu r a t io n 0.10
C ritica l w ater s a tu r a t io n 0.20
C r it ica l gas s a tu r a t io n 0.00
Oil r e la t iv e  p erm eab ility Equation (C-la) I
Water re la tiv e  perm eability Equation (C-lb) I
Gas r e la t iv e  p erm eab ility Equation (C-lc)
Water-Oil ca p illa ry  pressure Equation (C-2a)
G as-O il c a p illa ry  p r e s s u r e Equation (C-2b)
I Rock d en sity , l b / f t 3 165.0
S p ec ific  h ea t o f  th e  
form ation, B tu /lb - f
0.20
Thermal co n d u c tiv ity  o f  
th e  form ation, B t u /D - f t - f
18.5
Thermal co n d u c tiv ity  o f  
overburden, B t u /D - f t - f
18.5
| In ita il  tem p eratu re, f 100.0
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Oil, w ater and g a s  r e la t iv e  p erm ea b ilitie s  are  con sid ered
tem perature independent.The c a lc u la tio n  are  b ased  upon th e
Naar-H enderson eq u ation s:
, ^ 0 ( 1  - s t + Sw~ 2S nr) _  , ,
 ( T ^ ----------
.  _  (^ »~  ^aif)4 ( T - l h l
s;(2-5,-5^) 
(1
( C - l C )
C apillary p r e s su r e  r e la tio n sh ip  fo r  o il-w a te r  i s  c a lc u la te d  
by:
P » »  ” (^ i + S,5„) i f s w> s ar
™ {A 2 + B 2-S m ) i f S „ < (C-2a)
Where th e  v a lu e s  o f  A and B in  eq u ation  ( C -2a ) are:
Ai = 1.2045x10-1 Bi = 1.27127x10-1
A2 = 8.127 B2 = 40.160
C apillary p r e s su r e  re la t io n sh ip  fo r  o i l -g a s  i s  r e p r e se n te d  
by:
P«» =(^i + Bi5») i f  s , > s , r
;r )  e ^  ® ar ~ 2 f e )
Where th e  v a lu e s  o f  A and B in  th e  l a s t  eq u ation  are  :
Ai = 1.11058x10-1 Bi = 2.2029x10-1
Ai = 8.9670 Bi = 44.50
200
Equations (C-2) are  p resen ted  graphically in th e follow ing  
figu res:
R E L A T I V E  P E R M E A B I L I T Y
01L-WATERi
0 . 4  0 .6
W ATER S A T U R A T IO N . *
FIGURE C -l RELATIVE PERMEABILITY OF OIL-WATER SYSTEM
C A P I L L A R Y  P R E S S U R E




0 0 .2 0 .4 0 .6 O.S I
FIGURE C - 2  CAPILLARY PR ES SU RE OF OIL-WATER SYSTEM
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FIGURE C - 3  RELATIVE PERMEABILITY OF OIL-GAS SYSTEM
C A P I L L A R Y  P R E S S U R E
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FIGURE C - 4  CAPILLARY PRE SS URE OF O IL -G AS SYSTEM
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Fluid properties 4
P r o p e r tie s  o f  r e s e r v o ir  f lu id s  fo r  runs 1, 2 and 3 are  
co n sid ered  to  be fu n c tio n  o f  p r e s su r e  only. In run 4 flu id  
p r o p e r t ie s  are  fu n c tio n  o f  p r e s su r e  and tem perature.
A-QLL
TABLE C - 3  OIL PROPERTIES
PROPERTY NAME VALUE CORRELATION
C om pressibility Co a t  P s a t ,  
p s i- i
0.30x10-5
Saturation pressure P s a t ,  p s i 2000.0
Thermal expansion c o e f f i ­
c ien t, f - i
0 .4 0 x l0 -3
i Formation volume factor Bo, 
|  bbl/STB
Equation (B-.3a) I
|  Solution g a s -o il  ra tio  Rso, 
SCF/BB1
Equation (B-.3b) 1
Densily, l b / f t 3 Equation (B-.3c)
V iscosity , cp Equation (B-.3d)
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The o i l  form ation  volume fa c to r  a t  tem p eratu re T and 
p r e s su r e  P can be estim a ted  from th e  g iven  form ation  
volume fa c to r  a t  tem p eratu re Ti and p r e s su r e  Pi by th e  
fo llow in g  equation:
S .  -  B „ ( l + c . ( P - / > , ) - 0 . ( 7 - - 7 - , ) )  ( C  -  3 a )
Where in  a l l  th e  runs Pi i s  s e tu p  to  be equal to
s a tu r a t io n  p r e s su r e  ( P s a t )  and Ti equal r e s e r v o ir  in i t ia l  
tem p eratu re. The form ation  volume fa c to r  rea ch s  th e  pick 
a t  P s a t  a f te r  th a t  begins to  d ec lin e  a s  shown in  f ig u re  
C-5.
S o lu tio n  g a s - o i l  r a t io ,  a t  c o n s ta n t  tem p eratu re, in c r e a s e s  
with p r e s su r e  a s  shown in  f ig u r e  C-6. The Rso i s  
e x p re ssed  by th e  fo llow in g  equation:
R S ,  = A l + { B l * C l P) P  ( C  -  3 6 )
Where th e  v a lu es  o f  th e  c o n s ta n ts  a re  :
Ai = 82.137 Bi = 2.1568x10-1 Cl = -6.8143x10-6
Oil D en s ity
(A 2 + B 2R R S  a)
p° Tc
Where th e  c o n s ta n ts  in  th e  above eq u ation  are  : 
A2 = 54.670 B2 = 0.1173x10-1
(C -  4 c )
2 0 4
V is c o s i ty  o f  o il
[La — A 3  +  ( i ? 3  +  C 3P}P  ( C
Where th e  v a lu es o f the co n sta n ts  are :
A 3 = 1.0060 B3 = -5.8105x10-4 C3 = 1.4046x10-
011 p ro p er tie s  in equations C-3 are p lo tte d  in  
follow ing figu res:
OIL VISCOSITY AND FORMATION VOLUME FACTOR
ruMCTioN or m s s u n r
1.25
.2499
0 .9  -
a.o 0.8  -
.2 4 9 6
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F IG U R E  C - 5  O IL  V I S C O S I T Y  A N D  FO R M A T IO N  VOLUME F A C T O R
2 0 5
OIL DENSITY G A S SOLUTION
r u H c n o N  o r  r R i s s u R t
-  100
-  130
- 2 0 0
R S O
* 6 .3  -
- 3 0 0D E N S I T Y
46 -
- 3 3 0  tC
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PRESSURE. PSl
FIGURE C -6  OIL DENSITY AND GAS SOLUTION
B-Hater
TABLE C-4 WATER PROPERTIES
j P R O P E R TY  NAME J VALUE C O RRELATIO N
C om pressibility a t  
P s a t ,  p s i- i
0.30x10-5
Thermal expansion c o ­
e f f ic ie n t ,  f - i
0.40x10-3
Formation volume f a c ­
to r , b b l/stb
Equation (C-4a)
D eneily, lb / f t  3 Equation (C-4b)
j V isc o s ity , cp 1.0
2 0 6
Bw~ A l ^ B l P (C -  4 a )
Where the v a lu es  o f  th e co n sta n ts  in the above equation  
are :
Ai = 1.00534 Bi = -2 .8674x10-6
B.SW= A 2+ B 2P (C -  4b)
Where th e c o n s ta n ts  are :
A 2 = 1.05 B 2 = 5.0x10-1
[A 3 + B3R S w)
Pw =  d  (C -  4c)
H to
Where the v a lu es  o f th e  c o n sta n ts  in the above equations  
are :
A 3 = 64.4 B3 = 1.173x10-2
Water p ro p ertie s  in  eq u ation s C-4 are p lo tte d  in the  
follow ing figu res:
WATER FORMATION VOLUME FACTORAND CA S SOLUTION 
ruNCTioM or m s s u i t r
FIGURE C - 7  WATER VISCOSITY AND FORMATION VOLUME FACTOR
2 0 7
W A T E R  D E N S I T Y
ruM C T ioM  o r  r R i s s u n r
* > •»  H  1-------1-------1-------1------- 1-------1------- 1-------1------- 1------- 1-------1------- 1-------1------- 1---------1— i----- 1-------1-------- 1------
0  0 .2  0 .4  0 .6  0 .0  I 1.2 1 .4  1 .6  1 .0  2
( T k i m i ( i )
m t s s u i t i .  r s i
FIGURE C-8 WATER DENSITY
C -G a s
TABLE C-5 GAS PROPERTIES
PROPERTY NAME VALUE CORRELATION
C om pressibility  a t  P,
p el
Equation (C-5a)Formation volume f a c ­
to r , b b l/s tb
D enelly, l b / f t 3 Equation (C-5b)
Equation (C-5c)V isc o s ity , cp
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Gas form ation volume fa c to r  i s  c a lc u la te d  as:
B'-Ax + J- (C -  5 a )
Ai = -7 .50x10-5  Bx = 6.9458
D en sity  o f  ga s
[ a 2x b 2]
P a n  ( C 5 o J
° a
A 2 = 4.6921x10-4 B2 = 25.0 
Gas v is c o s i ty
M, = / ,  + (B 1-'-(C1 + D 1/>)/>)P (C -  Sc)
Where th e  v a lu e s  o f  th e  c o n s ta n ts  in  th e  above eq u ation s
a re  :
A3 = 1.0864x10-2 B3 = 2.5696x10-6 C3 = -1.0207x10-9 D3 
= 2.7471x10-13
Equations C-5 are p r e se n te d  grap h ica lly  in  th e  fo llow ing  
f ig u r e s:
2 0 9
G A S  DENSITY A N D  FO R M A T IO N  VOLL'NE FA CTO R












(T h o u san d * )
PRESSURE, PSI
FIGURE C-9 GAS DENSITY AND FORMATION VOLUME FACTOR
G A S  V I S C O S I T Y
0 ,0 1 4 2
FUNCTION OF PRESSURE
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PRESSURE. PSI
FIGURE C - 1 0  GAS VISCOSITY
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QU thermal properties 5> 7
The o i l  d e n s ity  a t  tem p eratu re T and p r e s su r e  P can be 
estim a ted  from th e  g iven  d e n s ity  a t  tem p eratu re Ti and 
p r e s su r e  Pi by th e  fo llow ing equation:
V aria tion  o f  Oil v is c o s i t y  with tem p eratu re i s  b ased  upon 
Andrade's equation .
Where th e  v a lu e s  o f  th e  c o n s ta n ts  are  :
Ai = 1.882x10-4 Bi = 5000
The o i l  s p e c if ic  h ea t o f  o i l  i s  determ ined by: 
\eq n  "C sub po = A sub 2 + B sub 2 (T -  80) 
Where th e  v a lu e s  o f  th e  c o n s ta n ts  are  :
A 2 = .455 B2 = 6.0x10-4
Water thermal p ro p er tie s:  * 6 7
Water d e n s ity  i s  c a lc u la te d  as:
* C ' ( P - P t) - 0 c[ T - T l)) (C - 6a)
(C -  6 5 )
Pw-PM +cw(P-Pl)-^U){T-Tl)) (C -  7 a)
The v i s c o s i t y  o f  w ater i s  e s s e n t ia l  param erter in  th e  
therm al ca lcu la tio n . G o ttfr ied 's  eq u ation  i s  u sed  to
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e s tim a te  w ater v is c o s ity .
<C - 7 b >
Where th e  v a lu e s  o f  th e  c o n s ta n ts  in  th e  l a s t  eq u ation s  
are  :
Al = 1776 Bi = 26.5 Cl = 89
Gas thermal properties: 5 6 7
Gas v is c o s i t y  i s  e s tim a ted  as:
At + B , 7  (C -  8 a )
Where th e  v a lu e s  o f  th e  c o n s ta n ts  in  th e  eq u a tio n s are  : 
Ai = 8.197x10-3 Bi = 2.015x10-5
Gas d en sity :
(A*p)
p‘ ‘ c h m j  <c - 8 6 >
Where th e  v a lu e s  o f  th e  c o n s ta n ts  in th e  eq u a tio n s a re  :
A 2 = 2.7
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NUMBER OF ROWS = 5
NUMBER OF COLUMNS = 5
j -  i  2 3 4 5
DELTA -  x 1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0
DELTA -  y 
i  = 1
i  = 2
i  = 3
i  = 4
1 = 5
2 0 0 . 0
2 0 0 . 0
2 0 0 . 0
2 0 0 . 0
2 0 0 . 0
RESERVOIR LAY_OUT
VALUE = 0 FOR BLOCK o u t s id e  th e  r e s e r io r  
v a lu e  = 1 f o r  b lo c k  i n s id e  th e  r e s e r v o ir
214
*** GRID INDEX ****
3- 1 2 3 4 5
1 1 1 1 1
2 1 1 1 1
3 1 1 1 1
4 1 1 1 1
5 1 1 1 1
*** POROSITY TABLE ****
J = 1 2 3 4 5
1 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0
2 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0
3 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0
4 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0
5 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0 0 . 2 0 0 0
*** THICKNESS TABLE ****
j = 1 2 3 4 5
1 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0
******* *******
2 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0
3 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0
4 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0 4 0 . 0 0 0 0




* * *  DE P T H- S U B_ S E A  TABLE * * * *  
2 3 4
1 = 1 1 0 0 0 . 0 0 0 0 1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0
^  ^  \JLr ^  \J*  \Ay  J y  ^  ^  ^  O /  ^
<T* ^  / p  ^  ^  ^  ^  ^
1= 2 1 0 0 0 . 0 0 0 0 1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  10 00 . 00 0 0
1= 3 1 0 0 0 . 0 0 0 0 1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 00
A A A A A A A
1= 4 1 0 0 0 . 0 0 0 0 1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 00  10 00 . 00 0 0
1= 5 1 0 0 0 . 0 0 0 0 1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  1 0 0 0 . 0 0 0 0  10 00 . 00 0
^  ^  ^  ^  ^L> ^  t l f  ^  «Jy ^  ^  ^  ^
^  'T' ^  'T' *T* m4 /T' ^  ^  ^  ^
* * *  X - D I R E C T I O N  PERMEABILITY * * * *
j= 1 2 3 4 5
= 1 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
= 2 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
= 3 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
= 4 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
= 5 0 . 3 0 0 0  
^ ^ ^
0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
* * * Y - D I R E C T I O N  PERMEABILITY * * * *
j = 1 2 3 4 5
1= 1 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
******* *******
1= 2 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
1= 3 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
1= 4 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
1= 5 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0 0 . 3 0 0 0
^ *******
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* * *  T R A N S M I S S I B I L I T Y  B. CONSTANT * * * *
j  = 1 2 3 4 5
1= 1 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
* * * * * * * * * * * * * *
1= 2 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
HH II CO 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
1= 4 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
1= 5 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
* * * * * * * * * * * * * *
j -
* * *  T R A N S M I S S I B I L I T Y  
1 2  3
D_CONSTANT
4




0 . 0 0 0 0
0 . 0 0 0 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
1= 3 0 . 0 0 0 0 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0
1= 4 0 . 0 0 0 0 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0




T R A N S M I S S I B I L I T Y  F 
2 3






6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
6 . 7 6 2 0
0 . 0 0 0 0
jjc )|c jjc
0 . 0 0 0 0
1= 3 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 0 . 0 0 0 0
II 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 0 . 0 0 0 0
1=  5 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 6 . 7 6 2 0 0 . 0 0 0 0
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**** TRANSMISSIBILITY H_CONSTANT ****  
j= 1 2 3 4 5
1 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 ^  ^  ^^  ^ >j|^
2 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
3 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
4 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
5 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0 2 7 . 0 4 8 0
******* *******
*** ROCK BULK VOLUEM ****
J= 1 2 3 4 5
1 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06
2 0 . 8Q0D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06
3 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06
4 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06
5 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06 0 . 800D+06
***TEMPERATURE DISTRIBUTION ****
j= 1 2 3 4 5
1 1 0 0 . 0 0 0 0  1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0
******* *******
2 1 0 0 . 0 0 0 0  1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0
3 1 0 0 . 0 0 0 0  1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0
4 1 0 0 . 0 0 0 0  1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0
5 1 0 0 . 0 0 0 0  1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0 1 0 0 . 0 0 0 0
******* *******
*** INITIAL OIL PRESSURE ****  
j=  1 2 3 4 5
1 1 9 0 0 . 0 0 0 0 1 9 0 0 . 0 0 0 0  1 90 0 . 0 0 0 0  1 90 0 . 0 0 0 0  1 9 0 0 . 0 0 0
^  ^  ^  ^  ^  ^
2 1 9 0 0 . 0 0 0 0 1 9 0 0 . 0 0 0 0  1 90 0 . 0 0 0 0  1 9 0 0 . 0 0 00  1 9 0 0 . 0 0 0 0
3 1 9 0 0 . 0 0 0 0 1 9 0 0 . 0 0 0 0  1 9 0 0 . 0 0 0 0  1 9 0 0 . 0 0 00  1 90 0 . 0 0 0 0
2 1 8
4 1 9 0 0 . 0 0 0 0 1 9 0 0 . 0 0 0 0  1 9 0 0 . 0 0 00  1 90 0 . 0 0 0 0  1 90 0 . 00 00
5 1 9 0 0 . 0 0 0 0 1 9 0 0 . 0 0 0 0  1 9 0 0 . 00 0 0  1 9 0 0 . 0 0 0 0  1 90 0 . 00 0
^ )j( jjc )(c jjc jjc ifc
J =
***INITIAL WATER PRESSURE ****  
2 3 4
1 1 8 9 9 . 9 3 0 4 1 8 9 9 . 9 3 0 4  1 8 99 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0
2 1 8 9 9 . 9 3 0 4 1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 8 9 9 . 93 0 4
3 1 8 9 9 . 9 3 0 4 1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 8 99 . 93 0 4
4 1 8 9 9 . 9 3 0 4 1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 89 9 . 9 30 4
5 1 8 9 9 . 9 3 0 4 1 8 9 9 . 9 3 0 4  1 8 9 9 . 9 3 0 4  1 89 9 . 9 3 0 4  1 8 9 9 . 9 3 0
*** INITIAL OIL SATURATION ****
j = 1 2 3 4 5
1 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0
******* *******
2 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0
3 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0
4 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0
5 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0 0 . 5 5 0 0
)|( ^ ^ ^fc /f( )fC
*** INITIAL WATER SATURATION ****
j = 1 2 3 4 5
1 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
******* *******
2 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
3 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
4 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
5 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
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***  INITIAL GAS SATURATION ****
j = 1 . 2 3 4 5
1 = 1 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0
******* *******
1 = 2 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0
n II CO 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0
1= 4 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0
1= 5 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0 0 . 0 5 0 0
******* *******
TIME STEP DELTA 5 . 0
MINIMUM TIME STEP = 1 . 0
MAXIMUM TIME STEP 0 . 0
TOTAL SIMULATION TIME = 4 0 . 0
PRINT OUT INTERVAL = 0 . 0
CALANDER YEAR = 1985.
ADIP TOLERANCE
EXTRAPOLATED SATURATION TOLERANCE 
EXTRABOLATED PRESSURE TOLERANCE 
MATERIAL BALANCE TOLERANCE
0 . 0 1 0 0  p s i  
0 . 0 5 0 0
******  pSi  
0 . 1 0 0 0
THETA = 1 . 0 0 0
GRAVITY MULTIPLIER = 0 . 0 0 6 9 4 0
EXTRAPOLATION FACTOR = 1 . 0 0 0
WELL PORE RADIUS = 0 . 5 0 0
MAXIMUM OIL SATURATION (somax)  = 0 . 9 0 0 0
MINIMUM OIL SATURATION ( s o r  ) = 0 . 1 0 0 0
MAXIMUM GAS SATURATION (sgmax) = 0 . 8 0 0 0
MINIMUM GAS SATURATION ( s g r  ) = 0 . 0 0 0 0
MINIMUM WATER SATURATION ( swr)  = 0 . 1 0 0 0
NUMBER OF ITERATION PARAMETER FOR ADI =
ALPHA MAXIMUM = 0 . 9 6 0 5











0 . 0 0 0 0
0 . 4 7 6 1
0 . 7 2 5 5
0 . 8 5 6 2
0 . 9 2 4 6
2 2 0
ALPHA( 6 ) = 0 . 9 6 0 5
INITIAL OIL IN PLACE = 0 .301661D+06 STB
INITIAL WATER IN PLACE = 0 .276350D+06 STB
INITIAL GAS IN PLACE = 0 .153823D+09 SCF
**** WELL DATA ****
NUMBER OF WELLS = 5
THE INTERNALLY GENERATED FLOW MATRIX IS :
ITYPE = INDEX FOR SPECIFIED THE WELL TYPE . IF
= 1 OIL INJECTION WELL WITH (+)  FLOW RATE
= 2 WATER INJECTION WELL WITH (+)  FLOW RATE 
= 3 GAS INJECTION WELL WITH (+)  FLOW RATE
= 4 OIL PRODUCING WELL WITH ( - )  FLOW RATE
= 5 WATER PRODUCING WELL WITH ( - )  FLOW RATE 
= 6  GAS PRODUCING WELL WITH ( - )  FLOW RATE 
= 7 TOTAL PRODUCTION OF THE FLUID IS 
SPECIFIED
= 8  CONSTANT OIL PRESSURE IS SPECIFIED 
= 9 HEAT INJECTION
RAW I COLUMN J ITYPE FLOW RATE
1 1 4  - 5 0 . 0
5 1 4  - 5 0 . 0
1 5  4 - 5 0 . 0
5 5 4 - 5 0 . 0
3 3 2 2 0 0 . 0
tH
 CXI CO 
lO
2 2 1
INTERNALLY GENERATED INDICATOR ARRAY :
IND = 0 FOR BLOCK THAT OUTSIDE GRID
IND = 1 FOR BLOCK INSIDE GRID THAT IS NOT
A WELL
IND < 0 FOR BLOCK INSIDE GRID THAT IS A
WELL
IND = + 5 FOR BLOCK WITH ERROR
*** GRID INDEX DISTRIBUTIO ****
j= 1 2 3 4 5
- 1 1 1 1 - 3  
1 1 1 1 1  
1 1 - 5 1 1  
1 1 1 1 1  
- 2 1 1 1 - 4
PRODUCTION DATA AFTER 1 TIME STEPS
TIME = 5 . 0 0  DAYS
J= 1
1 1 89 4 . 2 2 7 8
2 1 8 9 5 . 94 8 1
3 1 8 9 6 . 5 0 1 2
4 1 8 9 5 . 9 4 81
5 1 8 9 4 . 2 2 7 8
*** OIL PRESSURE ****
2 3 4
1 8 9 8 . 8 5 7 0  1 9 0 1 . 4 0 6 5  1 8 98 . 85 70
1 8 9 9 . 3 4 0 9  1 9 0 2 . 7 0 91  1 89 9 .3 409
1 89 9 . 7 7 0 7  1 9 0 5 . 8 9 5 3  18 99 . 77 07
1 8 9 9 . 3 4 0 9  1 9 02 . 7 0 9 1  1 8 99 . 34 09
1 8 9 8 . 8 5 7 0  1 9 01 . 4 0 6 5  1 89 8 .8 57 0
1 8 9 4 . 2 2 7
1 89 5 .9 4 81  
1 89 6 . 5 0 1 2
1 89 5 . 9 4 8 1  
1 8 94 . 22
*** WATER PRESSURE ****
J= 1
1 1 8 9 4 . 1 5 8 2
2 1 8 9 5 . 8 7 8 5
3 1 8 9 6 . 4 3 1 6
4 1 8 9 5 . 8 7 8 5
5 1 8 9 4 . 1 5 8 2
1 8 9 8 . 7 8 7 4  1 9 0 1 . 33 69  18 9 8 . 7 87 4  1 89 4 . 1 5 8
1 89 9 . 2 7 1 3  1 9 02 . 6 3 9 5  18 9 9 . 2 71 3  1 8 9 5 . 8 7 8 5
1 8 9 9 . 7 0 1 1  1 9 0 5 . 8 3 0 2  1 89 9 .7 011  1 89 6 . 4 3 1 6
1 8 9 9 . 2 7 1 3  1 9 0 2 . 6 3 9 5  1 8 9 9 . 27 1 3  1 8 9 5 . 8 7 8 5
1 8 9 8 . 7 8 7 4  1 90 1 . 3 3 6 9  1 8 9 8 . 78 7 4  1 8 9 4 . 1 5 8
1 1 8 9 4 . 2 1 8 1 ^ ^
2 1 8 9 5 . 9 3 8 2
3 1 8 9 6 . 4 9 1 4
4 1 8 9 5 . 9 3 8 2
5 1 8 9 4 . 2 1 8 1
*** GAS PRESSURE ****
2 3 4
1 89 8 . 8 4 7 0  1 9 0 1 . 3 9 6 4  18 98 . 84 7 0
1 8 9 9 . 3 3 08  1 9 0 2 . 6 9 88  18 99 . 33 0 8
1 8 9 9 . 7 6 07  1 9 0 5 . 89 2 2  1 89 9 . 76 07
1 8 9 9 . 33 0 8  1 9 0 2 . 6 9 8 8  1 89 9 . 3 30 8
1 89 8 . 8 47  O' 1 9 0 1 . 3 9 6 4  1 89 8 .8 4 70
1 8 9 4 . 2 1 8
1 8 9 5 . 9 3 8 2  
1 8 9 6 . 4 9 1 4
1 8 9 5 . 9 3 8 2
1 8 9 4 . 2 1 8
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*** OIL SATURATION ****
j = 1 2 3 4
1 = 1 0 . 5 4 8 2 0 . 5 4 9 8 0 . 5 5 0 1 0 . 5 4 9 8
1 = 2 0 . 5 4 8 8 0 . 5 4 9 8 0 . 5 5 0 8 0 . 5 4 9 8
COIIl—l 0 . 5 4 8 9 0 . 5 4 9 5 0 . 5 1 8 3 0 . 5 4 9 5
1= 4 0 . 5 4 8 8 0 . 5 4 9 8 0 . 5 5 0 8 0 . 5 4 9 8
I = 5 0 . 5 4 8 2 0 . 5 4 9 8 0 . 5 5 0 1 0 . 5 4 9 8
*** 'WATER SATURATIONI ****
j = 1 . 2 3 4
1 = 1 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
1 = 2 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
1= 3 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 3 5 6 0 . 4 0 0 0
1= 4 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
1= 5 0 . 4 0 0 0
)jc )|C )|c
0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
*** GAS SATURATION ****
j = 1 2 3 4
1 = 1 0 . 0 5 1 8 0 . 0 5 0 2 0 . 0 4 9 9 0 . 0 5 0 2
1 = 2 0 . 0 5 1 2 0 . 0 5 0 2 0 . 0 4 9 2 0 . 0 5 0 2
i—i ii CO 0 . 0 5 1 1 0 . 0 5 0 5 0 . 0 4 6 1 0 . 0 5 0 5
1= 4 0 . 0 5 1 2 0 . 0 5 0 2 0 . 0 4 9 2 0 . 0 5 0 2
1= 5 0 . 0 5 1 8 0 . 0 5 0 2 0 . 0 4 9 9 0 . 0 5 0 2
5
0 . 5 4 8 2
)|( j|c jjc ^
0 . 5 4 8 8
0 . 5 4 8 9
0 . 5 4 8 8
0 . 5 4 8 2
)f» % )|c )|c
5
0 . 4 0 0 0
0 . 4 0 0 0
0 . 4 0 0 0
0 . 4 0 0 0
0 . 4 0 0 0 ^^  ^  ^  ^  ^ ^ ^ ^  ^ ^
5
0 . 0 5 1 8
0 . 0 5 1 2
0 . 0 5 1 1
0 . 0 5 1 2
0 . 0 5 1 8
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**** WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 - 5 0 . 0  - 1 . 1  - 6 0 8 . 2  1 2 . 1 6 3 2
5 1 - 5 0 . 0  - 1 . 1  - 6 0 8 . 2  1 2 . 1 6 3 2
1 5 - 5 0 . 0  - 1 . 1  - 6 0 8 . 2  1 2 . 1 6 3 2
5 5 - 5 0 . 0  - 1 . 1  - 6 0 8 . 2  1 2 . 1 6 3 2
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLD = 0 . 301661D+06  
WATOLD = 0 . 276350D+06  
GASOLD = 0 . 153823D+09
OILNEW = 0 . 300661D+06  
WATNEW = 0 . 277328D+06  
GASNEW = 0 . 153353D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTION 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 8 . 2
GAS FLOW = - 0 . 468096D+06
OIL MATERIAL BALANCE =1 .0 00 0  
WATER MATERIAL BALANCE =1 . 0001  
GAS MATERIAL BALANCE =1 . 00 42
NO. OF ADIP ITERATIONS = 20
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE = 19 0 0 . 0  
OIL SATURATION AVERAGE =0 . 548 1  
WATER SATURATION AVERAGE =0 .4 0 14  
GAS SATURATION AVERAGE =0 . 05 05  
TEMPERATURE AVERAGE =1 00 . 00  
OIL RECOVER'/ IN THIS TIME STEP = 0 . 33 1 5
EXECUTION TIME ( c p u )  = 1 6 . 0 8 0 4 2 9  SEC.
PRODUCTION DATA AFTER 2 TIME STEPS
TIME = 1 0 . 0 0  DAYS
J= 1
1 1 8 9 1 . 89 3 9
2 1 89 3 .7 2 87
3 1 8 9 4 . 3 2 3 3
4 1 8 9 3 . 72 8 7
5 1 89 1 . 8 9 3 9
*** OIL PRESSURE ****
2 3 4 5
1 8 9 7 . 4 1 2 3  1 9 0 0 . 56 0 8  1 8 9 7 . 4 1 2 3  1 8 9 1 . 8 9 3
1 8 9 7 . 9 0 2 5  1 90 2 . 0 1 0 4  1 8 9 7 . 9 0 2 5  1 8 93 . 72 8 7
1 8 9 8 . 2 8 5 6  19 0 6 . 5 21 3  1 8 9 8 . 2 8 5 6  1 8 9 4 . 32 3 3
1 8 9 7 . 9 0 2 5  1 9 0 2 . 01 04  1 89 7 . 9 0 2 5  1 8 93 . 72 87
1 8 9 7 . 4 1 2 3  1 9 0 0 . 56 0 8  1 89 7 . 4 1 2 3  1 8 9 1 . 89 3
J= 1
1 1 89 1 . 8 2 4 2
2 1 89 3 .6 59 1
3 1 8 9 4 . 2 5 3 7
4 1 8 93 . 65 9 1
5 1 89 1 . 8 2 4 2
*** WATER PRESSURE ****
2 3 4
1 8 9 7 . 3 4 2 7  1 9 0 0 . 4 9 1 2  1 8 9 7 . 3 4 27
1 8 9 7 . 8 3 2 9  1 90 1 . 9 4 0 8  1 89 7 . 8 3 2 9
1 8 9 8 . 2 1 6 0  1 90 6 . 4 6 0 6  1 8 9 8 . 2 1 60
1 8 9 7 . 8 3 2 9  1 90 1 . 9 4 0 8  1 8 97 . 8 3 2 9
1 8 97 . 3 4 2 7  1 9 00 . 4 9 1 2  1 8 9 7 . 3 4 27
1 8 9 1 . 8 2 4
1 8 93 . 65 9 1  
1 8 94 . 25 3 7
1 8 9 3 . 6 5 91
1 8 9 1 . 8 2 4
j= 1
1 1 8 9 1 . 8 8 4 3
2 1 89 3 . 7 1 9 0
3 1 89 4 . 3 1 3 6
4 1 8 9 3 . 7 1 9 0
5 1 8 9 1 . 8 8 4 3
*** GAS PRESSURE ****
2 3 4 5
1 89 7 . 4 0 2 3  1 9 0 0 . 5 5 0 8  1 89 7 . 4 0 2 3  1 8 9 1 . 8 8 4
1 89 7 . 8 9 2 5  1 9 0 2 . 0 0 0 3  1 8 9 7 . 8 9 2 5  1 8 9 3 . 7 1 9 0
1 89 8 .2 7 57  1 9 0 6 . 5 2 5 5  1 8 9 8 . 27 5 7  1 8 9 4 . 3 1 3 6
1 89 7 . 8 9 2 5  1 9 0 2 . 0 0 0 3  1 8 9 7 . 8 9 2 5  1 8 9 3 . 7 1 9 0
1 8 9 7 . 4 0 23  1 9 0 0 . 5 5 0 8  1 89 7 . 4 0 2 3  1 8 9 1 . 8 8 4
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***  OIL SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 5 4 7 5 0 . 5 4 9 5 0 . 5 4 9 7 0 . 5 4 9 5 0 . 5 4 7 5
******* *******
1 = 2 0 . 5 4 8 1 0 . 5 4 9 4 0 . 5 5 0 1 0 . 5 4 9 4 0 . 5 4 8 1
1= 3 0 . 5 4 8 2 0 . 5 4 8 7 0 . 4 8 5 4 0 . 5 4 8 7 0 . 5 4 8 2
1= 4 0 . 5 4 8 1 0 . 5 4 9 4 0 . 5 5 0 1 0 . 5 4 9 4 0 . 5 4 8 1
1 = 5 0 . 5 4 7 5 0 . 5 4 9 5 0 . 5 4 9 7 0 . 5 4 9 5 0 . 5 4 7 5
******* *******
*** WATER SATURATION ****
j = 1 2 3 4 5
iHII (—f 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
******* *******
1 = 2 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 4 0 . 4 0 0 0 0 . 4 0 0 0
1= 3 0 . 4 0 0 0 0 . 4 0 0 2 0 . 4 7 0 0 0 . 4 0 0 2 0 . 4 0 0 0
1= 4 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 4 0 . 4 0 0 0 0 . 4 0 0 0
1= 5 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
******* *******
*** GAS SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 0 5 2 5 0 . 0 5 0 5 0 . 0 5 0 3 0 . 0 5 0 5 0 . 0 5 2 5
******* *******
1 = 2 0 . 0 5 1 9 0 . 0 5 0 6 0 . 0 4 9 5 0 . 0 5 0 6 0 . 0 5 1 9
1= 3 0 . 0 5 1 8 0 . 0 5 1 1 0 . 0 4 4 7 0 . 0 5 1 1 0 . 0 5 1 8
1= 4 0 . 0 5 1 9 0 . 0 5 0 6 0 . 0 4 9 5 0 . 0 5 0 6 0 . 0 5 1 9
1= 5 0 . 0 5 2 5 0 . 0 5 0 5 0 . 0 5 0 3 0 . 0 5 0 5 0 . 0 5 2 5
******* *******
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**** WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 - 5 0 . 0  - 1 . 1  - 7 6 6 . 1  1 5 .3 2 12
5 1 - 5 0 . 0  - 1 . 1  - 7 6 6 . 1  1 5 . 3 2 12
1 5 - 5 0 . 0  - 1 . 1  - 7 6 6 . 1  1 5 . 3 2 12
5 5 - 5 0 . 0  - 1 . 1  - 7 6 6 . 1  1 5 . 3 21 2
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLD = 0 . 300661D+06  
WATOLD = 0 . 277328D+06  
GASOLD = 0 . 153353D+09
OILNEW = 0 . 299661D+06  
WATNEW = 0 . 278306D+06  
GASNEW = 0 . 152883D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTIO 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 7 . 7
GAS FLOW = - 0 . 470813D+06
OIL MATERIAL BALANCE = 1 . 00 00  
WATER MATERIAL BALANCE =0 . 9 99 9  
GAS MATERIAL BALANCE =0 .9 96 9
NO. OF ADIP ITERATIONS = 17
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE =18 96 . 8  
OIL SATURATION AVERAGE =0 .5 4 63  
WATER SATURATION AVERAGE = 0 . 4 02 8  
GAS SATURATION AVERAGE =0 . 0 50 9  
TEMPERATURE AVERAGE =10 0 . 0 0  
OIL RECOVER/IN THIS TIME STEP =0 . 3 31 5
EXECUTION TIME ( c p u )  = 1 2 . 2 5 0 0 2 2  SEC.
PRODUCTION DATA AFTER 3 TIME STEPS
TIME = 1 5 . 0 0  DAYS
J= 1
1 1 8 9 0 . 10 7 6
2 1 8 9 1 . 95 0 0
3 1 8 9 2 . 55 23
4 1 8 9 1 . 95 0 0
5 1 8 9 0 . 10 7 6
*** OIL PRESSURE ****
2 3 4
1 8 9 5 . 8 1 9 9  1 89 9 . 1 6 6 4  1 8 95 . 81 99
1 8 9 6 . 2 9 9 9  1 90 0 . 6 5 9 5  1 8 96 . 29 99
1 8 9 6 . 6 5 8 5  1 9 0 5 . 9 8 3 4  1 8 96 . 65 8 5
1 8 9 6 . 2 9 9 9  1 90 0 . 6 5 9 5  18 96 . 29 9 9
1 8 9 5 . 8 1 9 9  1 8 9 9 . 1 6 6 4  18 9 5 . 8 19 9
1 8 90 .1 07  
^  ^
1 89 1 .9 50 0
1 89 2 .5 52 3
1 89 1 .9 50 0
18 90 . 10 7
J= 1
1 1 8 9 0 . 0 3 80
2 1 8 9 1 . 88 0 4
3 1 8 92 .482 7
4 1 89 1 . 8 8 0 4
5 1 8 90 . 0 3 8 0
*** WATER PRESSURE ****
2 3 4
1 8 9 5 . 7 5 0 3  1 89 9 . 0 9 6 8  1 8 9 5 . 7 5 03
1 8 9 6 . 2 3 0 3  1 90 0 . 5 90 1  1 8 9 6 . 2 3 03
1 8 9 6 . 5 8 9 0  1 90 5 . 9 2 6 9  1 8 9 6 . 5 8 89
1 8 9 6 . 2 3 0 3  19 0 0 . 5 90 1  18 96 . 23 0 3
1 8 9 5 . 7 5 0 3  1 89 9 . 0 9 6 8  18 9 5 . 7 50 3
18 9 0 . 0 38
1 89 1 . 8 8 0 4  
1 8 9 2 . 4 8 27
1 89 1 . 8 8 0 4
1 89 0 .0 3 8
j= 1
1 1 89 0 . 0 9 8 1
2 1 89 1 . 9 4 0 5
3 1 8 92 . 54 2 7
4 1 89 1 . 9 4 0 5
5 1 89 0 .0 9 81
*** GAS PRESSURE ****
2 3 4 5
1 8 9 5 . 8 1 0 0  1 8 99 . 1 5 6 5  18 9 5 . 8 10 0  1 8 9 0 . 0 9 8
1 8 9 6 . 2 9 0 1  1 9 0 0 . 64 9 7  1 89 6 .2 9 01  1 8 9 1 . 9 4 0 5
1 8 9 6 . 6 4 8 9  1 90 5 . 9 9 4 5  1 8 96 . 6 4 8 9  1 8 92 . 5 4 2 7
1 8 9 6 . 2 9 0 1  1 90 0 .6 4 97  1 8 9 6 . 2 9 01  1 8 9 1 . 9 4 0 5
1 8 9 5 . 8 1 0 0  1 89 9 . 1 5 6 5  1 8 95 . 8 1 0 0  1 8 9 0 . 0 9 8
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*** OIL SATURATION ****
j = 1 2 3 4 5
I -  1 0 . 5 4 6 9   ^ ^
0 . 5 4 9 0 0 . 5 4 9 1 0 . 5 4 9 0 0 . 5 4 6 9
1 = 2 0 . 5 4 7 6 0 . 5 4 8 9 0 . 5 4 8 6 0 . 5 4 8 9 0 . 5 4 7 6
1= 3 0 . 5 4 7 6 0 . 5 4 7 6 0 . 4 5 3 7 0 . 5 4 7 6 0 . 5 4 7 6
1= 4 0 . 5 4 7 6 0 . 5 4 8 9 0 . 5 4 8 6 0 . 5 4 8 9 0 . 5 4 7 6
1= 5 0 . 5 4 6 9 0 . 5 4 9 0 0 . 5 4 9 1 0 . 5 4 9 0 0 . 5 4 6 9
^
*** WATER SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
^  >|/
1 = 2 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 1 2 0 . 4 0 0 0 0 . 4 0 0 0
1= 3 0 . 4 0 0 0 0 . 4 0 0 5 0 . 5 0 3 2 0 . 4 0 0 5 0 . 4 0 0 0
1= 4 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 1 2 0 . 4 0 0 0 0 . 4 0 0 0
1= 5 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
*** GAS SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 0 5 3 1 0 . 0 5 1 0 0 . 0 5 0 9 0 . 0 5 1 0 0 . 0 5 3 1
******* *******
1 = 2 0 . 0 5 2 4 0 . 0 5 1 1 0 . 0 5 0 1 0 . 0 5 1 1 0 . 0 5 2 4
1= 3 0 . 0 5 2 4 0 . 0 5 1 8 0 . 0 4 3 1 0 . 0 5 1 8 0 . 0 5 2 4
►H II 0 . 0 5 2 4 0 . 0 5 1 1 0 . 0 5 0 1 0 . 0 5 1 1 0 . 0 5 2 4
1= 5 0 . 0 5 3 1 0 . 0 5 1 0 0 . 0 5 0 9 0 . 0 5 1 0 0 . 0 5 3 1
******* *******
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* * * *  WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 - 5 0 . 0  - 1 . 1  - 7 4 5 . 8  1 4 . 9 1 56
5 1 - 5 0 . 0  - 1 . 1  - 7 4 5 . 8  1 4 . 9 1 56
1 5 - 5 0 . 0  - 1 . 1  - 7 4 5 . 8  1 4 . 9 15 6
5 5 - 5 0 . 0  - 1 . 1  - 7 4 5 . 8  1 4 . 9 1 56
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLD = 0 . 299661D+06  
WATOLD = 0 . 278306D+06  
GASOLD = 0 . 152883D+09
OILNEW = 0 . 298661D+06  
WATNEW = 0 . 279283D+06  
GASNEW = 0 . 152414D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTION 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 7 . 7
GAS FLOW = - 0 . 470070D+06
OIL MATERIAL BALANCE =1 . 0000  
WATER MATERIAL BALANCE =1 . 00 00  
GAS MATERIAL BALANCE =0 . 999 5
NO. OF ADIP ITERATIONS = 13
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE = 1 8 95 . 2  
OIL SATURATION AVERAGE =0 . 5444  
WATER SATURATION AVERAGE =0 .4 0 43  
GAS SATURATION AVERAGE =0 .0 5 14  
TEMPERATURE AVERAGE =10 0 .0 0  
OIL RECOVERY IN THIS TIME STEP = 0 . 33 15
EXECUTION TIME (c p u )  = 1 1 . 7 9 4 2 7 0  SEC.
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PRODUCTION DATA AFTER 4 TIME STEPS
TIME = 2 0 . 0 0  DAYS
*** OIL PRESSURE ****
j = 1 2 3 4 5
1 = 1 18 8 8 . 4 18 1 1 8 9 4 . 1 9 0 5 1 8 97 . 6 22 3 1 89 4 . 1 90 5 18 8 8 . 4 18
******* *******
1 = 2 1 8 90 . 2 63 0 1 8 9 4 . 6 6 1 3 1 8 9 9 . 1 5 3 0 1 89 4 .6 6 13 18 9 0 . 2 63 0
1= 3 18 9 0 . 8 63 7 1 8 9 4 . 9 9 67 1 9 05 . 3 0 7 7 1 8 94 . 996 7 18 90 . 86 37
1= 4 1 8 9 0 . 2 6 30 1 89 4 . 6 6 1 3 1 8 9 9 . 1 5 3 0 1 89 4 .6 6 13 1 8 90 . 26 3 0
1 = 5 1 8 88 . 41 81 1 8 94 . 1 9 0 5 1 8 9 7 . 6 2 2 3 1 8 9 4 . 1 9 05 1 88 8 .4 1 8
******* *******
*** WATER PRESSURE ****
j = 1 2 3 4 5
1 = 1 1 8 8 8 . 3 48 5 1 8 94 . 1 2 0 9 1 8 9 7 . 5 5 27 1 89 4 .1 2 09 1 8 8 8 . 3 4 8
******* *******
1 = 2 1 8 9 0 . 1 9 3 4 1 8 9 4 . 5 91 7 1 89 9 . 0 8 3 8 1 8 94 . 59 1 7 18 9 0 . 1 93 4
1= 3 1 8 9 0 . 7 9 41 1 89 4 . 9 2 7 3 1 9 05 . 2 5 5 3 1 8 94 . 92 7 3 1 89 0 .7 94 1
1= 4 1 89 0 . 1 9 3 4 1 8 9 4 . 5 9 17 1 89 9 . 0 8 3 8 1 89 4 .5 91 7 1 8 9 0 . 1 9 34
1= 5 1 8 8 8 . 3 4 8 5 1 8 9 4 . 1 2 0 9 1 8 9 7 . 5 5 27 18 9 4 . 1 20 9 18 8 8 . 3 48
******* *******
*** GAS :PRESSURE ****
j = 1 2 3 4 5
1 = 1 1 8 8 8 . 4 0 8 8 1 89 4 .1 80 7 1 89 7 . 6 1 2 6 1 89 4 . 1 80 7 1 8 8 8 . 4 0 8
******* ^  ^  ^
1 = 2 1 8 9 0 . 2 5 3 5 1 89 4 . 6 5 1 5 1 8 9 9 . 1 4 37 1 89 4 . 6 5 1 5 1 8 9 0 . 2 5 35
1= 3 1 8 9 0 . 8 5 4 3 1 89 4 . 9 8 7 4 1 9 0 5 . 3 2 5 5 1 89 4 . 9 8 7 4 1 8 9 0 . 8 5 43
1= 4 1 8 9 0 . 2 5 3 5 18 94 . 65 1 5 1 89 9 .1 4 37 1 89 4 . 6 5 1 5 1 8 9 0 . 25 3 5
1= 5 1 8 8 8 . 4 0 8 8 1 8 94 . 18 07 1 8 9 7 . 6 1 2 6 1 8 9 4 . 18 0 7 1 8 8 8 . 4 0 8
******* *******
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***  OIL SATURATION ****
j = 1 2 3 4 5
= 1 0 . 5 4 6 5 0 . 5 4 8 6 0 . 5 4 8 4 0 . 5 4 8 6 0 . 5 4 6 5
******* Jy \Af ^^  ^  ^  ^  ^  ^  ^
= 2 0 . 5 4 7 1 0 . 5 4 8 5 0 . 5 4 6 6 0 . 5 4 8 5 0 . 5 4 7 1
= 3 0 . 5 4 7 0 0 . 5 4 6 4 0 . 4 2 3 6 0 . 5 4 6 4 0 . 5 4 7 0
= 4 0 . 5 4 7 1 0 . 5 4 8 5 0 . 5 4 6 6 0 . 5 4 8 5 0 . 5 4 7 1
= 5 0 . 5 4 6 5 0 . 5 4 8 6 0 . 5 4 8 4 0 . 5 4 8 6 0 . 5 4 6 5
******* *******
*** WATER SATURATION ****
3 = 1 2 3 4 5
1 = 1 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
******* *******
1 = 2 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 2 6 0 . 4 0 0 0 0 . 4 0 0 0
1= 3 0 . 4 0 0 0 0 . 4 0 1 1 0 . 5 3 4 8 0 . 4 0 1 1 0 . 4 0 0 0
i—i
 ii 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 2 6 0 . 4 0 0 0 0 . 4 0 0 0
1= 5 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
. . . . . . . . . . . . . .
*** GAS SATURATION ****
J = 1 2 3 4 5
1 = 1 0 . 0 5 3 6 0 . 0 5 1 4 0 . 0 5 1 6 0 . 0 5 1 4 0 . 0 5 3 6
******* *******
i—t n to 0 . 0 5 2 9 0 . 0 5 1 5 0 . 0 5 0 8 0 . 0 5 1 5 0 . 0 5 2 9
1= 3 0 . 0 5 3 1 0 . 0 5 2 5 0 . 0 4 1 6 0 . 0 5 2 5 0 . 0 5 3 1
1= 4 0 . 0 5 2 9 0 . 0 5 1 5 0 . 0 5 0 8 0 . 0 5 1 5 0 . 0 5 2 9
1= 5 0 . 0 5 3 6 0 . 0 5 1 4 0 . 0 5 1 6 0 . 0 5 1 4 0 . 0 5 3 6
******* *******
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****  WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 - 5 0 . 0  - 1 . 1  - 7 6 1 . 2  1 5 . 2 2 3 2
5 1 - 5 0 . 0  - 1 . 1  - 7 6 1 . 2  1 5 . 2 2 3 2
1 5 - 5 0 . 0  - 1 . 1  - 7 6 1 . 2  1 5 . 2 2 3 2
5 5 - 5 0 . 0  - 1 . 1  - 7 6 1 . 2  1 5 . 2 2 32
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLD = 0 . 298661D+06  
WATOLD = 0 . 279283D+06  
GASOLD = 0 . 152414D+09
OILNEW = 0 . 297661D+06  
WATNEW = 0 . 280261D+06  
GASNEW = 0 . 151944D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTION 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 7 . 7
GAS FLOW = - 0 . 470060D+06
OIL MATERIAL BALANCE = 1. 0 00 0  
WATER MATERIAL BALANCE =1 . 0 00 0  
GAS MATERIAL BALANCE =1 .0 0 00
NO. OF ADIP ITERATIONS = 13
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE =189 3 . 6  
OIL SATURATION AVERAGE = 0 . 54 25  
WATER SATURATION AVERAGE =0 .4 057  
GAS SATURATION AVERAGE =0 .0 5 18  
TEMPERATURE AVERAGE =100 . 00  
OIL RECOVERyiN THIS TIME STEP =0 . 3 31 5
EXECUTION TIME (c p u )  = 1 1 . 7 9 3 9 6 3  SEC.
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PRODUCTION DATA AFTER 5 TIME STEPS
TIME = 2 5 . 0 0  DAYS
J= 1
1 1 88 6 .7 4 30
2 1 8 88 . 590 7
3 1 8 89 . 18 9 2
4 1 88 8 .5 907
5 1 8 8 6 . 74 3 0
*** OIL PRESSURE ****
2 3 4 5
1 8 9 2 . 5 4 8 2  1 8 9 6 . 0 3 7 2  1 8 9 2 . 5 4 8 2  1 8 8 6 . 74 3
1 89 3 . 0 1 1 7  1 8 9 7 . 6 0 6 8  1 8 9 3 . 0 1 17  1 88 8 .5 9 07
1 8 9 3 . 3 2 9 6  1 9 0 4 . 5 8 4 1  1 8 9 3 . 3 2 9 6  1 8 89 . 18 9 2
1 8 9 3 . 0 1 1 7  1 89 7 . 6 0 6 8  1 8 93 . 01 17  1 8 8 8 . 59 0 7
1 8 9 2 . 5 4 8 2  1 89 6 . 0 3 7 2  1 8 9 2 . 5 4 8 2  1 88 6 . 7 4 3
J= 1 
1= 1 1 88 6 . 6 7 3 3  
1= 2 1 8 8 8 . 5 2 10  
1= 3 18 8 9 . 1 19 6  
1= 4 1 88 8 . 5 2 1 0  
1= 5 1 88 6 .6 7 33
*** WATER PRESSURE ****
2 3 4
1 8 9 2 . 4 7 8 6  1 8 9 5 . 9 6 7 6  1 8 9 2 . 4 7 8 6
1 8 9 2 . 9 4 2 1  1 89 7 . 5 3 7 8  1 89 2 .9 4 21
1 8 9 3 . 2 6 0 3  1 9 0 4 . 5 3 5 3  1 89 3 . 2 6 0 3
1 8 9 2 . 9 4 2 1  1 89 7 . 5 3 7 8  1 89 2 .9 4 21
1 8 9 2 . 4 7 8 6  1 8 9 5 . 9 6 7 6  1 8 9 2 . 4 7 8 6
1 8 8 6 . 6 7 3
1 88 8 . 5 2 1 0  
1 8 8 9 . 1 1 96
1 8 8 8 . 5 2 1 0  
1 8 8 6 . 6 7 3
J= 1
1= 1 1 88 6 .7 337
1= 2 1 8 88 . 5 8 1 3
1= 3 1 88 9 . 1 7 9 9
1= 4 1 8 8 8 . 5 8 13
1= 5 18 86 . 73 3 7  
^  ^  ^
*** GAS PRESSURE ****
2 3 4 5
1 8 9 2 . 5 3 8 5  1 8 9 6 . 0 2 7 6  1 8 9 2 . 5 3 8 5  1 88 6 . 7 3 3
^  ^  v|^  v||/
1 8 9 3 . 0 0 2 0  1 8 9 7 . 5 9 8 1  1 8 9 3 . 0 0 2 0  1 8 8 8 . 5 8 1 3
1 89 3 . 3 2 0 7  1 9 0 4 . 6 0 8 0  1 8 9 3 . 3 2 0 7  1 8 8 9 . 1 7 9 9
A  ^  A  A  A  A
1 8 9 3 . 0 0 2 0  1 89 7 . 5 9 8 1  1 8 9 3 . 0 0 2 0  1 8 8 8 . 5 8 1 3
1 8 9 2 . 5 3 8 5  1 8 9 6 . 0 2 7 6  1 8 9 2 . 5 3 8 5  1 8 8 6 . 7 3 3
^  ^  ^  ^  ^
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*** OIL SATURATION ****
j= 1 2 3 4 5
1 0 . 5 4 6 0 0 . 5 48 1 0 . 5 4 7 7 0 . 5 4 8 1 0 . 5 4 6 0   ^  ^^  ^
2 0 . 5 4 6 6 0 . 5 4 8 0 0 . 5 4 3 8 0 . 5 4 8 0 0 . 5 4 6 6
3 0 . 5 4 6 4 0 . 5 4 4 9 0 . 3 9 5 6 0 . 5 4 4 9 0 . 5 4 6 4
4 0 . 5 4 6 6 0 . 5 4 8 0 0 . 5 4 3 8 0 . 5 4 8 0 0 . 5 4 6 6
5 0 . 5 4 6 0 0 . 5 4 8 1 0 . 5 4 7 7 0 . 5 4 8 1 0 . 5 4 6 0   ^^  ^
*** WATER SATURATION ****
3 - 1 2 3 4 5
1 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
2 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 4 8 0 . 4 0 0 0 0 . 4 0 0 0
3 0 . 4 0 0 0 0 . 4 0 2 0 0 . 5 6 4 3 0 . 4 0 2 0 0 . 4 0 0 0
4 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 4 8 0 . 4 0 0 0 0 . 4 0 0 0
5 0 . 4 0 0 0 o £»> O O O 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
*** GAS SATURATION ****
j = 1 2 3 4 5
1 0 . 0 5 4 0 0 . 0 5 1 8 0 . 0 5 2 3 0 . 0 5 1 8 0 . 0 5 4 0
******* *******
2 0 . 0 5 3 4 0 . 0 5 2 0 0 . 0 5 1 4 0 . 0 5 2 0 0 . 0 5 3 4
3 0 . 0 5 3 7 0 . 0 5 3 2 0 . 0 4 0 2 0 . 0 5 3 2 0 . 0 5 3 7
4 0 . 0 5 3 4 0 . 0 5 2 0 0 . 0 5 1 4 0 . 0 5 2 0 0 . 0 5 3 4
5 0 . 0 5 4 0 0 . 0 5 1 8 0 . 0 5 2 3 0 . 0 5 1 8 0 . 0 5 4 0
******* *******
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****  WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 - 5 0 . 0  - 1 . 1  - 7 8 2 . 4  1 5 . 6 47 8
5 1 - 5 0 . 0  - 1 . 1  - 7 8 2 . 4  1 5 .6 478
1 5 - 5 0 . 0  - 1 . 1  - 7 8 2 . 4  1 5 . 64 78
5 5 - 5 0 . 0  - 1 . 1  - 7 8 2 . 4  1 5 .6 478
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLD = 0 . 297661D+06  
WATOLD = 0 . 280261D+06  
GASOLD = 0 . 151944D+09
OILNEW = 0 . 296661D+06  
WATNEW = 0 . 281239D+06  
GASNEW = 0 . 151473D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTION 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 7 . 6
GAS FLOW = - 0 . 4 7 0 1 7 1D+06
OIL MATERIAL BALANCE =1 . 0 00 0  
WATER MATERIAL BALANCE =1 . 0 00 0  
GAS MATERIAL BALANCE =1 .0001
NO. OF ADIP ITERATIONS = 13
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE =18 92 . 0  
OIL SATURATION AVERAGE =0 . 5 40 6  
WATER SATURATION AVERAGE =0 .4 0 71  
GAS SATURATION AVERAGE = 0 . 05 2 3  
TEMPERATURE AVERAGE =10 0 .0 0  
OIL RECOVERyiN THIS TIME STEP =0 . 3315
EXECUTION TIME (c p u )  = 1 1 . 7 5 3 8 3 7  SEC.
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PRODUCTION DATA AFTER 6 TIME STEPS
TIME = 3 0 . 0 0  DAYS
J= 1
1 1 88 5 .0 6 77
2 1 8 8 6 . 9 1 8 4
3 1 8 8 7 . 51 4 0
4 1 88 6 . 9 1 8 4
5 1 88 5 .0 6 77
*** OIL PRESSURE ****
2 3 4 5
1 89 0 . 90 01  1 8 9 4 . 4 3 1 7  1 8 9 0 . 90 0 1  1 8 8 5 . 0 6 7
18 91 . 35 7 5  1 8 9 6 . 0 4 5 7  1 8 9 1 . 3 5 7 5  1 88 6 .9 184
18 91 . 66 3 4  1 9 0 3 . 7 6 1 0  1 8 9 1 . 6 6 3 4  1 88 7 .5 140
1 89 1 . 3 57 5  1 8 9 6 . 0 4 5 7  1 8 9 1 . 3 5 7 5  1 8 8 6 . 91 8 4
18 9 0 . 9 00 1  1 8 94 . 4 3 1 7  1 8 9 0 . 9 0 01  1 885 .0 67
J= 1
1 1 88 4 .9 981
2 1 8 8 6 . 8 4 88
3 1 8 8 7 . 4 4 4 4
4 1 8 8 6 . 8 4 88
5 1 8 8 4 . 9 9 81
*** WATER PRESSURE ****
2 3 4
1 89 0 . 8 3 0 5  1 8 9 4 . 3 6 2 1  1 8 9 0 . 8 3 0 5
1 8 9 1 . 2 8 79  1 8 9 5 . 9 7 7 1  1 89 1 . 2 8 7 9
1 89 1 . 5 9 4 2  1 9 0 3 . 7 1 5 7  1 89 1 . 5 9 4 2
1 8 9 1 . 2 8 79  1 8 9 5 . 9 7 7 1  1 8 9 1 . 2 8 79
1 8 90 . 8 3 0 5  1 8 9 4 . 3 6 2 1  1 89 0 . 8 3 0 5
1 8 8 4 . 99 8
1 88 6 . 8 48 8  
1 8 8 7 . 4 4 4 4
1 8 86 . 84 8 8
1 8 8 4 . 99 8
J= 1
1 1 8 8 5 . 0 5 86
2 1 8 86 . 90 9 1
3 1 8 87 . 5 0 4 9
4 1 88 6 .9 0 91
5 1 8 8 5 . 0 5 8 6
^  ^  ^  ^  ^
*** GAS PRESSURE ****
2 3 4 5
1 89 0 . 8 9 0 5  1 8 9 4 . 4 2 2 3  1 8 9 0 . 8 9 0 5  1 8 8 5 . 0 5 8
^  ^  ^
1 8 9 1 . 3 4 79  1 8 9 6 . 0 3 7 8  1 8 9 1 . 3 4 7 9  1 8 8 6 . 9 0 91
1 8 91 . 6 5 4 8  1 9 0 3 . 7 9 0 5  1 8 9 1 . 6 5 4 8  1 8 8 7 . 5 0 4 9
1 8 91 . 3 4 7 9  1 8 9 6 . 0 3 7 8  1 8 9 1 . 3 4 7 9  1 8 86 . 9 0 9 1
1 8 9 0 . 89 0 5  1 8 9 4 . 4 2 2 3  1 8 9 0 . 8 9 0 5  1 8 8 5 . 0 5 8
^  \j|^  ^
*** OIL SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 5 4 5 5 0 . 5 4 7 7 0 . 5 4 7 0 0 . 5 4 77 0 . 5 4 5 5
******* ^  ^  ^
1 = 2 0 . 5 4 6 1 0 . 5 4 7 5 0 . 5 4 0 1 0 . 5 4 7 5 0 . 5 4 6 1
1= 3 0 . 5 4 5 8 0 . 5 4 3 0 0 . 3 7 0 0 0 . 5 4 3 0 0 . 5 4 5 8
1= 4 0 . 5 4 6 1 0 . 5 4 7 5 0 . 5 4 0 1 0 . 5 4 7 5 0 . 5 4 6 1
1-  5 0 . 5 4 5 5 0 . 5 4 7 7 0 . 5 4 7 0 0 . 5 4 7 7 0 . 5 4 5 5
******* *******
*** WATER SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
******* *******
V—1
 II to 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 7 9 0 . 4 0 0 0 0 . 4 0 0 0
1= 3 0 . 4 0 0 0 0 . 4 0 3 2 0 . 5 9 1 2 0 . 4 0 3 2 0 . 4 0 0 0
1= 4 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 7 9 0 . 4 0 0 0 0 . 4 0 0 0
1= 5 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
******* *******
*** GAS SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 0 5 4 5 0 . 0 5 2 3 0 . 0 5 3 0 0 . 0 5 2 3 0 . 0 5 4 5
******* ^  ^  ^  ^
1 = 2 0 . 0 5 3 9 0 . 0 5 2 5 0 . 0 5 2 0 0 . 0 5 2 5 0 . 0 5 3 9
1= 3 0 . 0 5 4 3 0 . 0 5 3 8 0 . 0 3 8 8 0 . 0 5 3 8 0 . 0 5 4 3
1= 4 0 . 0 5 3 9 0 , 0 5 2 5 0 . 0 5 2 0 0 . 0 5 2 5 0 . 0 5 3 9
1= 5 0 . 0 5 4 5 0 . 0 5 2 3 0 . 0 5 3 0 0 . 0 5 2 3 0 . 0 5 4 5
******* *******
239
**** WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 - 5 0 . 0  - 1 . 1  - 8 0 5 . 2  16 . 10 38
5 1 - 5 0 . 0  - 1 . 1  - 8 0 5 . 2  1 6 . 1 0 38
1 5 - 5 0 . 0  - 1 . 1  - 8 0 5 . 2  16 . 10 38
5 5 - 5 0 . 0  - 1 . 1  - 8 0 5 . 2  1 6 . 1 03 8
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLD = 0 . 296661D+06  
WATOLD = 0 . 281239D+06 
GASOLD = 0 . 151473D+09
OILNEW = 0 . 295661D+06  
WATNEW = 0 . 282216D+06  
GASNEW = 0 . 1510Q3D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTION 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 7 . 5
GAS FLOW = - 0 . 470313D+06
OIL MATERIAL BALANCE =1 .000 0  
WATER MATERIAL BALANCE =1 . 0 00 0  
GAS MATERIAL BALANCE =1 . 0001
NO. OF ADIP ITERATIONS = 13
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE =18 90 . 4  
OIL SATURATION AVERAGE =0 . 5388  
WATER SATURATION AVERAGE = 0 . 4 08 5  
GAS SATURATION AVERAGE = 0. 0 52 7  
TEMPERATURE AVERAGE =1 00 . 00  
OIL RECOVERyiN THIS TIME STEP = 0 . 3 31 5
EXECUTION TIME (c p u )  = 1 1 . 7 8 8 4 5 5  SEC.
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PRODUCTION DATA AFTER 7 TIME STEPS
TIME = 3 5 . 0 0  DAYS
*** OIL PRESSURE ****
1 2 3 4 5
1 = 1 1 88 3 .3 8 87 1 8 8 9 . 2 46 2 1 89 2 . 8 1 4 9 1 8 8 9 . 2 4 62 1 8 8 3 . 3 8 8
******* ^  ^
1 = 2 1 8 85 . 242 7 1 8 8 9 . 6 9 90 1 8 9 4 . 4 7 8 4 1 8 8 9 . 6 9 90 18 85 . 24 2 7
COIIH 1 8 8 5 . 8 3 5 8 1 8 89 . 9 9 9 8 1 9 0 2 . 7 7 4 6 18 8 9 . 9 99 8 1 88 5 .8 3 58
IIH 1 8 85 . 24 2 7 1 8 8 9 . 69 90 1 8 9 4 . 4 7 8 4 1 88 9 . 6 9 9 0 1 88 5 .2 42 7
1= 5 1 8 8 3 . 3 8 87 1 8 8 9 . 24 6 2 1 89 2 . 8 1 4 9 1 8 8 9 . 24 6 2 18 8 3 . 3 8 8
******* *******
*** WATER PRESSURE ****
j = 1 2 3 4 5
1 = 1 1 8 8 3 . 3 19 1 1 8 8 9 . 1 76 6 1 89 2 . 7 4 5 3 1 8 8 9 . 1 7 66 1 8 8 3 . 3 1 9
******* *******
1 = 2 18 8 5 . 1 73 1 1 88 9 . 6 2 9 4 1 8 9 4 . 4 1 0 3 1 8 8 9 . 6 2 94 1 88 5 .1 7 31
1= 3 1 8 8 5 . 7 6 6 2 1 8 8 9 . 9 3 08 1 9 0 2 . 7 3 2 3 1 8 8 9 . 9 3 08 1 8 8 5 . 7 66 2
1= 4 1 88 5 .1 7 31 1 8 8 9 . 6 2 9 4 1 8 94 . 4 1 0 3 1 8 8 9 . 6 2 94 1 8 8 5 . 1 73 1
1= 5 1 8 8 3 . 3 19 1 1 8 8 9 . 1 76 6 1 8 9 2 . 7 4 5 3 1 8 8 9 . 1 76 6 1 8 8 3 . 3 1 9
******* *******
*** GAS PRESSURE ****
3- 1 2 3 4 5
1 = 1 1 8 8 3 . 3 7 9 7 1 88 9 . 2 36 8 1 8 9 2 . 8 0 5 6 1 88 9 . 2 3 6 8 1 8 8 3 . 3 7 9
1 = 2 1 8 8 5 . 2 3 3 5 1 8 89 . 68 9 6 1 8 9 4 . 4 7 1 5 1 8 8 9 . 6 8 96 1 8 8 5 . 2 3 35
1= 3 1 8 8 5 . 8 2 6 7 1 889 .9 917 1 9 0 2 . 8 0 9 2 18 8 9 . 99 17 1 8 8 5 . 8 2 6 7
1= 4 1 8 8 5 . 2 3 3 5 18 8 9 . 6 89 6 1 8 9 4 . 4 7 1 5 1 88 9 . 6 8 9 6 1 88 5 . 2 3 3 5
1= 5 1 8 8 3 . 3 7 9 7  
 ^^  ^ 1 8 89 . 23 68 1 8 9 2 . 8 0 5 6 1 8 8 9 . 2 3 68
1 8 8 3 . 3 7 9 ^ \j|^ \j|^
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*** OIL SATURATION ****
j = 1 2 3 4 5
h-1 II 0 . 5 4 5 0 0 . 5 4 7 2 0 . 5 4 6 3 0 . 5 4 7 2 0 . 5 4 5 0
******* 4^ 4^
1 = 2 0 . 5 4 5 6 0 . 5 4 7 0 0 . 5 3 5 5 0 . 5 4 7 0 0 . 5 4 5 6
1= 3 0 . 5 4 5 2 0 . 5 4 0 9 0 . 3 4 7 0 0 . 5 4 0 9 0 . 5 4 5 2
1= 4 0 . 5 4 5 6 0 . 5 4 7 0 0 . 5 3 5 5 0 . 5 4 7 0 0 . 5 4 5 6
1= 5 0 . 5 4 5 0 0 . 5 4 7 2 0 . 5 4 6 3 0 . 5 4 7 2 0 . 5 4 5 0
******* *******
*** WATER SATURATION ****
j - 1 2 3 4 5
1 = 1 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
1 = 2 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 1 2 0 0 . 4 0 0 0 0 . 4 0 0 0
1= 3 0 . 4 0 0 0 0 . 4 0 4 8 0 . 6 1 5 4 0 . 4 0 4 8 0 . 4 0 0 0
1= 4 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 1 2 0 0 . 4 0 0 0 0 . 4 0 0 0
1= 5 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
*** GAS SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 0 5 5 0 0 . 0 5 2 8 0 . 0 5 3 7 0 . 0 5 2 8 0 . 0 5 5 0
******* *******
i—i ii CO 0 . 0 5 4 4 0 . 0 5 3 0 0 . 0 5 2 5 0 . 0 5 3 0 0 . 0 5 4 4
1= 3 0 . 0 5 4 8 0 . 0 5 4 4 0 . 0 3 7 6 0 . 0 5 4 4 0 . 0 5 4 8
i—i ii 0 . 0 5 4 4 0 . 0 5 3 0 0 . 0 5 2 5 0 . 0 5 3 0 0 . 0 5 4 4
1= 5 0 . 0 5 5 0 0 . 0 5 2 8 0 . 0 5 3 7 0 . 0 5 2 8 0 . 0 5 5 0
******* *******
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**** WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) (STB/D) (SCF/D) (SCF/STB)
1 1 - 5 0 . 0  - 1 . 1  - 8 2 8 . 9  1 6 . 5 77 0
5 1 - 5 0 . 0  - 1 . 1  - 8 2 8 . 9  16 . 57 7 0
1 5 - 5 0 . 0  - 1 . 1  - 8 2 8 . 9  1 6 . 5 7 70
5 5 - 5 0 . 0  - 1 . 1  - 8 2 8 . 9  1 6 . 5 7 70
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLD = 0 . 295661D+06  
WATOLD = 0 . 282216D+06  
GASOLD = 0 . 151003D+09
OILNEW = 0 . 294661D+06  
WATNEW = 0 . 283194D+06  
GASNEW = 0 . 150532D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTION 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 7 . 5
GAS FLOW = - 0 . 4 7 0473D+06
OIL MATERIAL BALANCE = 1 . 00 00  
WATER MATERIAL BALANCE = 1 . 00 00  
GAS MATERIAL BALANCE = 1 . 0 0 0 2
NO. OF ADIP ITERATIONS = 12
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE = 1 88 8 . 8  
OIL SATURATION AVERAGE = 0 . 5 36 9  
WATER SATURATION AVERAGE = 0 . 4 1 0 0  
GAS SATURATION AVERAGE = 0 . 0 5 3 2  
TEMPERATURE AVERAGE =1 00 . 00  
OIL RECOVERVIN THIS TIME STEP = 0 . 3 3 1 5
EXECUTION TIME ( c p u )  = 1 1 . 8 8 1 8 7 4  SEC.
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PRODUCTION DATA AFTER 8  TIME STEPS 
TIME = 4 0 . 0 0  DAYS
*** OIL PRESSURE ****
3- 1 2 3 4 5
1 = 1 1 881 .7 044  
 ^^
1 8 87 . 5 8 6 7 1 8 9 1 . 1 8 6 9 1 8 8 7 . 5 8 6 7 1 8 8 1 . 7 0 4 4
^
1 = 2 1 883 .5 61 8 1 8 8 8 . 03 5 7 1 8 9 2 . 90 6 8 1 8 8 8 . 0 3 5 7 1 88 3 . 5 61 8
1= 3 1884 . 15 19 1 8 8 8 . 33 5 8 1 9 0 1 . 6 0 6 4 1 8 8 8 . 3 3 5 8 1 8 84 . 1 5 1 9
1= 4 18 83 . 56 18 1 8 88 . 0 35 7 1 89 2 . 9 0 6 8 1 8 8 8 . 0 3 5 7 1 88 3 . 5 6 1 8
1 = 5 1 88 1 . 70 44 1 8 8 7 . 5 8 67 1 89 1 . 1 8 6 9 1 8 8 7 . 5 8 6 7 1 88 1 . 7 0 4 4
*******
*** WATER PRESSURE ****
j = 1 2 3 4 5
1 = 1 188 1 . 63 48
 ^  ^^
1 88 7 .5 1 71 18 9 1 . 1 1 7 3 1 8 8 7 . 5 1 7 1 1 88 1 .6 3 48
)^C *  ^^
1 = 2 1 883 . 49 22 1 88 7 . 9 6 6 1 1 89 2 . 8 3 9 3 1 8 8 7 . 9 6 6 1 1 8 8 3 . 49 2 2
1= 3 1884 . 08 23 1 8 8 8 . 2 6 7 1 1 9 01 . 5 6 6 9 1 8 8 8 . 2 6 7 1 1 88 4 . 0 82 3
1= 4 1 88 3 . 49 22 1 88 7 . 9 66 1 1 8 9 2 . 8 3 9 3 1 8 8 7 . 9 6 6 1 1 88 3 . 4 9 2 2
1= 5 188 1 . 63 48\|j/ 1 8 8 7 . 5 1 71 1 89 1 . 1 1 7 3 1 8 8 7 . 5 1 7 1 1 88 1 . 6 3 4 8
*** GAS PRESSURE ****
j = 1 2 3 4 5
1 = 1 1 8 81 . 695 5 1 8 8 7 . 5 7 73 1 89 1 . 1 7 7 8 1 8 8 7 . 5 7 7 3 1 8 8 1 . 6 9 5 5
^  ^ *******
1 = 2 1 8 83 . 552 8 1 8 8 8 . 0 2 6 4 1 8 9 2 . 9 0 1 0 1 8 8 8 . 0 2 6 4 1 8 83 . 55 2 8
1= 3 1 8 84 . 143 0 1 88 8 . 3 28 3 1 90 1 . 6 4 5 5 1 8 8 8 . 3 2 8 3 1 88 4 . 1 4 3 0
i—i ii 1 88 3 . 55 28 1 88 8 . 0 2 6 4 1 89 2 . 9 0 1 0 1 8 8 8 . 0 2 6 4 1 88 3 . 5 5 2 8
244
1=1 II Ui 1 881 .6 955
*******
***
1 8 8 7 . 5 7 73  1891 . 17 78  
OIL SATURATION ****
1 887 .5 773 1 88 1 .6 95
*******
j = 1 2 3 4 5
1 = 1 0 . 5 44 5
/{C
0 . 5 4 6 7 0 . 5 4 5 6 0 . 5 4 6 7 0 . 5 4 4 5
^  ^  si/ ^  ^  ^  U/
1 = 2 0 . 5 4 5 1 0 . 5 4 6 5 0 . 5 3 0 0 0 . 5 4 6 5 0 . 5 4 5 1
1= 3 0 . 5 4 4 6 0 . 5 3 8 4 0 . 3 2 6 7 0 . 5 3 8 4 0 . 5 4 4 6
1= 4 0 . 5 4 5 1 0 . 5 4 6 5 0 . 5 3 0 0 0 . 5 4 6 5 0 . 5 4 5 1
1= 5 0 . 5 4 4 5 ^  ^ s|/ 0 . 5 4 6 7 0 . 5 4 5 6 0 . 5 4 6 7 0 . 5 4 4 5
*** WATER SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 4 0 0 0
)|^
0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
<Niii—i 0 . 4 0 0 0 0 . 4 0 0 1 0 . 4 1 7 0 0 . 4 0 0 1 0 . 4 0 0 0
1= 3 0 . 4 0 0 0 0 . 4 0 6 7 0 . 6 3 6 8 0 . 4 0 6 7 0 . 4 0 0 0
1= 4 0 . 4 0 0 0 0 . 4 0 0 1 0 . 4 1 7 0 0 . 4 0 0 1 0 . 4 0 0 0
i—
i
ii cn 0 . 4 0 00
*******
0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0 0 . 4 0 0 0
s ^  sjj/ ^  >||/
*** GAS SATURATION ****
j = 1 2 3 4 5
1 = 1 0 . 0 5 55 0 . 0 5 3 3 0 . 0 5 4 3 0 . 0 5 3 3 0 . 0 5 5 5
J /  \L f ^  \1 /  >Lr \Lr 
/y* ^  ^  4 ^ *******
1 = 2 0 . 0 5 4 9 0 . 0 5 3 5 0 . 0 5 2 9 0 . 0 5 3 5 0 . 0 5 4 9
1= 3 0 . 0 5 5 4 0 . 0 5 4 9 0 . 0 3 6 5 0 . 0 5 4 9 0 . 0 5 5 4
1 = 4 0 . 0 5 4 9 0 . 0 5 3 5 0 . 0 5 2 9 0 . 0 5 3 5 0 . 0 5 4 9
1= 5 0 . 0 5 5 5 0 . 0 5 3 3 0 . 0 5 4 3 0 . 0 5 3 3 0 . 0 5 5 5v|/ sj. *******
2 4 5
* * * *  WELL REPORT ****
ROW COLUMN OIL RATE WATER RATE GAS RATE GOR
I J (STB/D) ( STB/B) (SCF/D) (SCF/STB)
1 1 - 5 0 , 0  - 1 . 1  - 8 5 3 . 3  1 7 .0 65 8
5 1 - 5 0 . 0  - 1 . 1  - 8 5 3 . 3  1 7 .0 658
1 5 - 5 0 . 0  - 1 . 1  - 8 5 3 . 3  1 7 .0 65 8
5 5 - 5 0 . 0  - 1 . 1  - 8 5 3 . 3  1 7 .0 658
3 3 0 . 0  2 0 0 . 0  0 . 0  0 . 0 0 0 0
OILOLB = 0 . 2 9 4 6 6 1D+06 
WATOLB = 0 . 2 8 3 194D+06 
GASOLD = 0 . 150532D+09
OILNEW = 0 . 293661D+06  
WATNEW = 0 . 2 8 4 1 7 1D+06 
GASNEW = 0 . 150062D+09
+ FOR FLUID INJECTION 
-  FOR FLUID PRODUCTION 
OIL FLOW = - 1 0 0 0 . 0
WATER FLOW = 9 7 7 . 4
GAS FLOW = - 0 . 470648D+06
OIL MATERIAL BALANCE =1 .0 00 0  
WATER MATERIAL BALANCE =1 . 0 00 0  
GAS MATERIAL BALANCE = 1 . 00 0 2
NO. OF ADIP ITERATIONS = 11
NO. OF SATURATION LOOPS = 1
NO. OF PRESSURE LOOPS = 1
NO. OF MATERIAL BALANCE ITERATIONS = 1
PRESSURE AVERAGE =1 88 7 .1  
OIL SATURATION AVERAGE = 0 . 53 50  
WATER SATURATION AVERAGE = 0 . 4 1 1 4  
GAS SATURATION AVERAGE = 0 . 05 3 6  
TEMPERATURE AVERAGE = 10 0 . 0 0  
OIL RECOVERyiN THIS TIME STEP =0 .331 5
EXECUTION TIME ( c p u )  = 1 1 . 4 6 4 6 7 0  SEC.
